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ABSTRACT 


The expression of humoral immunity involves the production 
of antigen-specific antibody molecules. This process requires the 
proliferation of bone marrow-derived (B) and thymus-derived (T) 
lymphocytes specific for the antigen, as well as the participation 
of an accessory (A) cell, which is not antigen-specific. Antibody 
formation and secretion are functions of B cells. Cyclic AMP has 
been shown to regulate mammalian cell proliferation. It also causes 
the differentiation and expression of many cell types and thus may 
be expected to have different effects on the different cell types 
of the immune system. It was therefore used as a tool to study the 
regulation of proliferation of antibody-forming cells (AFC), as 
well as the cellular interactions involved in humoral responses. 

AFC to a T cell-dependent (TD) antigen, sheep erythrocytes 
(SRBC), and a T cell-independent (TI) antigen, polymerized flagellin 
(POL) from Salmonella adelaide were generated in vitro by culturing 
CBA/J spleen cells in the Misheil-Dutton or the Diener-Arms trong 
culture system. High intracellular cAMP levels during the first 12 
hr of a 108 hr culture period increased the number of AFC to SRBC 
and POL. This action of cAMP was antigen-dependent and antigen- 
specific and could be reversed by cGMP, imidazole, or Con A. Once 
proliferation of antigen-stimulated lymphocytes was initiated 
(i.e. 24 hr or later), high intracellular cAMP levels inhibited 
their proliferation. 

The early effects of cAMP on the various cell types invelved 


in the formation of AFC to the TD antigen, SRBC, were determined. 
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Cyclic AMP inhibited the function of A cells and it did not stimulate 
the activities of B cells or T "helper" cells. The action of cAMP 

is exerted through the inhibition of a radiation-sensitive T cell 
which can regulate the extent of AFC formation. Furthermore, the 
inhibitory effect of this T regulator cell on AFC production can be 
overcome by the addition of excess T helper cells. The AFC response 
to the TI antigen, POL, is also regulated by T cells although AFC 
formation to this antigen does not require the participation of T 
helper cells. 

The increased number of AFC to SRBC in cAMP treated cultures 
is not due to a bigger number of antigen-reactive B cells. Instead, 
the increase can be attributed to a shorter doubling time for AFC as 
well as a longer period of AFC formation. Since it seems unlikely 
that the AFC in cAMP treated cuitures have a shorter cell cycle time, 
it is postulated that the increase in number of AFC in treated cul- 
tures is due to a greater degree of "conversion" of nonantibody- 
secreting to antibody-secreting cells. This results from inhibition 


of T regulator cells by cAMP. 
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PREFACE 


This thesis comprises a major and a minor part. The major 
part, entitled “Regulation of Immune Responses", was done under the 
supervision of Dr. Verner H. Paetkau since September, 1972. It is 
described in full in this thesis. 

The minor part of the thesis, entitled "The Nucleotide 
Sequences and Coding Properties of the Major and Minor Lysine Transfer 
Ribonucleic Acids from the Haploid Yeast Saccharomyces cerevisiae 
aS288C", was carried out in the laboratory of Dr. Christopher J. Smith. 
I first joined this Department in August, 1971 as a graduate student 
of Dr. Smith. At that time, the work by Dr. Smith on the nucleotide 
sequence of the major lysine tRNA of aS288C was nearing completion. 

Dr. Arthur N. Ley assisted Dr. Smith in the nucleotide sequence studies 
and Mr. Perry D'Obrenan was responsible for preparing the 325 _jabelled 
lysine tRNA. My contribution to that project was the determination 

of the nucleotide sequences of partial digests of the major lysine 
tRNA with ribonuclease Tl and ribonuclease A. In early February, 1972, 
Dr. Smith, Mr. D'Obrenan and I discovered that aS288C has a minor 
lysine tRNA. Later that month Dr. Smith was killed in a tragic moun- 
taineering accident. But Mr. D'Obrenan and I decided to continue with 
the project and we further characterized the minor lysine tRNA. 

This tRNA turned out to be identical to a lysine tRNA from Bakers ' 
yeast, the sequence of which was determined by Dr. J. T. Madison and 
coworkers. Before starting work in Dr. Paetkau's laboratory, I was 
responsible for publishing the work on the lysine tRNAs jn the Journal 
of Biological Chemistry, a reprint of which is included as an appendix 


to the main thesis. 
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CHAPTER I 


INTRODUCTION 


A. General 

The distinguishing feature of the vertebrate immune system 
is its ability to differentiate self constituents from determinants on 
foreign macromolecules, or antigens. The ability to respond to foreign 
antigens forms the basis on which the vertebrate organism can guard its 
identity and protect itself against harmful foreign agents, e.g. patho- 
gens. One means by which this is achieved is through the production 
of antibody molecules capable of specific binding to foreign antigens. 
Since the immune system recognizes a vast number of foreign antigens 
it follows that the number of different antibody molecules synthesized 
is correspondingly very large. The central problem in immunobiology, 
therefore, is how the information for synthesizing a large number of 
antibody molecules is generated, stored, and expressed in a controlled 
fashion. Recent studies on myeloma proteins have demonstrated that 
the basis for antibody activity lies in the amino acid sequence of 
immunoglobulins, and that the genetic information for many of their 
Structures, at least, is transmitted from parents to progeny. Futher- 
more, certain genes are now known to control immune responses. And 
finally, cells with different functions in immune responses have been 
identified. These include cells able to recognize antigens, other 
cells able to inhibit Or stimulate the responses of antigen-sensitive 
cells, and effector cells which execute the neutralizing mechanisms 
of immune responses. 


An area of central importance is the mechanism by which 
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lymphocytes are triggered into proliferation or rendered tolerant 

(i ce. negeeguiareties) following their interaction with the appropriate 
antigen. Evidence, to be described below, indicates that antigen- 
lymphocyte interactions occur at the cell's plasma membrane, through 
immunoglobulin (Ig) receptors which link the genetic determination 
of the cell to the stimulating antigen. Little is known as to how 
cell surface interactions are translated into intracellular Signals 
that would eventually determine the pathway of differentiation of 
the stimulated lymphocyte. Direct studies on this have been diffi- 
Cult because the cells reactive to a given antigen form a very small 
proportion of the total lymphocyte pool. Therefore work on this 
question has concentrated on agents or mechanisms which are generally 
able to alter proliferation and differentiation of mammalian cells. 
An attractive candidate for this role is adenosine-3',5'-cyclic 
monophosphate (cAMP), because in addition to regulating cellular 
metabolic processes it has been shown to play important roles in the 


control of mammalian cell proliferation and differentiation. 


B. The Genesis of Lymphocytes 


A schematic overview of the developmental pathway of the 
lymphoid system is given in Fig. 1.1. The lymphocyte originates from 
hemopoietic stem cells (Wu et al., 1967) which are first found in 
the blood islands of the embryonic yolk sac (Tyan and Herzenberg, 

1968; Moore and Metcalf, 1970). The stem cells appear: not to be 
specificity restricted and lack the characteristic surface antigens 
found in mature lymphocytes. From the embryonic yolk sac they migrate, 


first to the liver and later to the bone marrow and spleen (Moore and 
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Owen, 1965; Moore and Owen, 1967). The hemopoietic stem cells persist 
in the bone marrow and to a lesser extent in spleen throughout adult 
life and retain their embryonic potential (Moore and Owen, 1967). 

The maturation of stem cells into immunocompetent lymphocytes, i.e. 
lymphopoiesis, takes place in the "primary lymphoid organs". In birds 
these organs have been identified as the bursa of Fabricius and the 
thymus (Cooper et al., 1966). In mammals lymphopoiesis takes place 

in the thymus and a diffused "bursa-like" environment. 

The thymus is the organ in which immature lymphocytes 
differentiate, independent of antigenic influence, to become the so- 
called thymus-derived lymphocytes, or T cells. During differentiation 
thymic lymphocytes undergo sequential changes in expression and 
organization of surface antigens. In the mouse, the development in 
the thymus of surface antigens such as 6 (or Thy-1), TL, and Ly have 
been followed (Aoki et al., 1969; Komuro and Boyse, 1973). T cells 
are then seeded to secondary or peripheral lymphoid organs such as 
the spleen and lymph nodes (Nossal and Ada, 1971). Maturation of stem 
cells into B lympnocytes proceeds in the bursa of Fabricius in birds 
(Cooper et al., 1966). In mammals the site of stem cell maturation 
into B cells is still unknown (Nossal and Ada, 1971; Miller and Phillips, 
1975). Mature B cells are found in the germinal centers of Spleen 
and the paracortical follicles of lymph nodes. 

The differentiated B and T cells proliferate only slowly in 
the absence of a further stimulus. Their centrally important charac- 
teristic is that they are specificity-restricted, i.e. they bear 


receptors specific for a single antigen. 
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C. Receptors and Immunoglobulins 


The specificity of the receptor on a given cell corresponds 
to the specificity of the antibody molecules the cell can secrete 
when properly stimulated. Thus, the T or B cell has become unipotent 
during its maturation and is now determined with respect to its 
antigen-recognizing eee The general area of this thesis is 
the further differentiation of mature B cells into proliferating 
antibody-secreting effector cells in the primary immune response. 

B cells bear immunoglobulin (Ig) receptors which are antibody 
molecules. The basic unit for all antibody molecules is essentially 
Similar and is diagramatically represented in Fig. 1.2. This unit 
comprises two light (L) and two heavy (H) polypeptide chains. The L 
chain has a variable (V,) and a constant (C, ) region each about 110 
amino acid residues in length. The H chain is twice the length of 
the L chain and consists of one V and three C regions (Vis Cul, C2, 
C3; respectively). One Vi and one Vy together constitute one antigen 
binding site. In the human sera, the L chain could be either of the 
K Or A class, whereas the H chain could be either of the y, u, a, 4; 
or € class, the resulting Ig being referred to as IgG, IgM, IgA, IgD, 
and IgE, respectively. These classes differ from one another in 
properties such as size, charge, number of antigen binding sites, 
position and number of disulphide bonds, length and composition of 
the individual polypeptide chain and carbohydrate content. 

The nature of T cell receptors is not as well characterized 
as are B cell receptors. Marchalonis (1974) has provided evidence that 
T cells possess 7S IgM-like receptors which show specificities for 


antigens. However, an apparent paradox exists, because although the 
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Fig. 1.2. A schematic representation of the structure of the 


7S IgG molecule. 










er | 2 4 
7 


a Br) 7 vss = | 2 ind rather ye 
pom f : owntietne i 


pepe Ms 


a * 


Te, sidinlinir anemic Me 4 NSAP Watt: oan 
i or i 2 ; . 
; 1 ep ea ‘ 
me 4: 
o y 
j ¢ & } ; 
ae 
: abi} Te AY*: 
j VOC’ So 500 P) HOY ¥a = sear 


sevhiiatiss 0 vise 
a ; : it es 


presence of Ig receptors on T cell membranes can be functionally demon- 
strated by inhibition of antigen binding or "hot antigen suicide", 
direct studies with labelled anti-Ig reagents yield little or no 
binding (for references, see Marchalonis, 1974). More studies are 


therefore required to confirm the identity of T cell receptors. 


D. Theories of Antibody Diversity 

The immune system is capable of making a very large number 
of antibody molecules with different antigen binding specificities. 
The question then arises as to how the genetic information required 
for such a large number of polypeptide chains is stored and generated. 
Two theories have been put forward. The germ line theory suggests 
that each antibody molecule must be coded for by a germ line gene 
(Szilard, 1960; Dreyer and Bennett, 1965; Hood and Talmage, 1970). 
On the other hand, the somatic theory suggests that the information 
of antibody molecules may be generated from a limited number of germ 
line genes by mutational or recombinational processes during develop- 
ment (Lederberg, 1959; Edelman and Gally, 1967; Smithies, 1967) 

One approach to understanding mechanisms of information 
Storage and expression is the comparative analysis of individual gene 
products. Detailed chemical studies of normal antibody molecules 
are difficult to do because serum proteins are heterogeneous. Fortu- 
nately, homogeneous Ig, produced by myeloma cells, can be isolated. 
Myeloma globulins are Ig that appear in the plasma of patients or 
animals with multiple myeloma, a tumour of antibody-forming cells 
(AFC). The homogeneous Ig produced by myeloma cells can comprise up 


to 95% of serum Ig. These proteins therefore permit a detailed 
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comparative study of antibody structures. On the basis of available 
amino acid sequence data, Hood and Prah] (1971) have been able to 
construct genealogical patterns for the V regions of « light chains of 
mouse and human myeloma proteins. They concluded that the V regions 

of k light chains probably arise from one primordial gene and the 
diversity of the V region is generated by gene duplication and selection 
during evolution. Thus each modern individual inherits the genetic 
information for the myeloma proteins, at least, through germ line genes. 
The information for the immune system thus appears to be encoded as 

germ line genes. 

On the other hand, it is not obvious that all antibody 
specificities are transmitted through the germ line. Quite strong 
arguments for the occurrence of somatic mutation have been made by 
Cohn and Tonegawa (Cohn et al., 1974; Tonegawa et al., 1974), but 
these go beyond the scope of this dissertation. The controversy is 
clearly unresolved at present. What both theories have in common, 
of course, is that the antigen specificity of a mature, determined, 


B or T cell is based on expressed information in the chromosome. 


E. The Clonal Selection Theory 


In the course of an immune response, specific antibody 
molecules are produced only to the stimulating antigen. Therefore, 
there must exist a selection mechanism whereby an antibody- forming 
cell precursor is induced to proliferate and secrete antigen-specific 
antibody molecules following its encounter with the antigen. This 
problem of recognition and amplification was first considered in 


detail by Ehrlich (1900). He envisioned lymphocytes as pluripotential, 
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possessing diverse cell surface receptors. When antigen was introduced 
into the organism, it interacted with complementary receptors and 
caused them to be released from the cell. This release triggered the 
synthesis of more of that particular receptor in the corresponding 
cell. In the 1920s and 1930s it became apparent that the immune system 
is capable of an extremely broad range of response (Landsteiner, 1947). 
It appeared unreasonable that the vertebrate organism could have such 
a large number of preformed antibody molecules as required by the 
selective theory. This view led to the instructionistic theory 
(Brein] and Haurowitz, 1930), which proposed that the antigen must 
provide the immune system with the information required for specific 
antibody synthesis. Pauling (1940) reduced the instructionistic inter- 
pretations to molecular terms by postulating that the antigen served 
as a template which permitted the antibody polypeptide chain to fold 
about it in a complementary fashion. We now know that this theory is 
wrong because the three dimensional structure of a polypeptide is 
determined by its primary amino acid sequence; denaturation and 
renaturation of an antibody molecule in the absence or presence of 
antigen yields the same antibody molecule (Epstein et al., 1963). 
Another objection to the instructionistic theory, raised at that time, 
was that it could not satisfactorily account for immunological 
memory, i.e. the ability of the immune system to react more vigorously 
to a second encounter with the same antigen. 

The first modern selectionistic theory was proposed by 
Jerne (1955). He postulated that antibodies of all potential specifi- 
cities were contained in the serum of each individual. An antigen, 


upon interaction with its complementary molecule, formed an antigen- 
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antibody complex which was recognized by the lymphocyte. This comp1ex 
then stimulated the synthesis of specific antibody molecules in the 
lymphocyte. This selectionistic approach was further expanded by 
Burnet (1959) who suggested that the "unit of selection" was the 
lymphocyte itself rather than the humoral antibody molecule. In this 
view, each lymphocyte carried only one type of cell surface receptor. 
The antigen would then interact only with lymphocytes possessing 
complementary cell surface receptors. This interaction would result 
in the proliferation of that clone into AFC, secreting antibody with 
the same antigen binding specificity. Direct confirmation of this 
theory came from studies of antigen binding cells. Naor and Sulit- 
zeanu (1967) were the first to show that only a very small proportion 
of lymphocytes was able to bind specifically to an antigen labelled 


125, 


with More experimental support for the clonal selection theory 


came from the studies of Ada and Byrt (1969). They showed that when 


normal spleen cells were incubated with Salmonella flagellar protein 


1257 


type 1338, labelled to a very high specific activity with the 


antigen-reactive clone for type 1338 was specifically abrogated 


125 


through localized I decay ("antigen suicide"); the same cell 


population retained its ability to respond to another Salmonella 
antigen (type 870). Similarly, Humphrey and Keller (1970) were able 
to show that (T,G)-A- -L (the synthetic multichain polypeptide poly- 


(tyrosyl, glutamyl)-poly-D,L-alanyl-poly-lysyl) labelled with 


25 


radioactive I to a high specific activity, was non-immunogenic, 


127 


whereas (T,G)-A- -L labelled with nonradioactive I was immunogenic. 
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F. T and B Cells in Immune Responses 


The introduction of foreign antigens into an animal usually 
results in the production of antibodies and/or reactive cells, both 
of which can circulate jn the blood and react specifically with 
antigen. In general, immune responses which can be transferred 
to another animal by means of serum from a sensitized donor (containing 
antibody) are termed humoral immunity (HI) whereas those than can be 
transferred by sensitized cells, but not by serum, are called cell- 
mediated immunity (CMI). A summary of the characteristics and functions 
of humoral and cell-mediated immunity is given in Table 1.1. 

The evidence that T cells are required for cell-mediated 
and B cells for humoral immunity came from studies in birds (Cooper 
et al., 1966; Warner and Szenberg, 1964) and rodents (Miller, 1961). 
It was found that removing the thymus from an embryo or newborn 
impaired the CMI of the animals when they grew up, but had much less 
effect on HI. On the other hand, removal of the bursa of Fabricius 
at hatching impaired the bird's ability to make antibody but had 
little effect on CMI. Patients with immunological deficiency diseases 
also show this dichotomy. Thus, patients deficient in B cells (e.g. 
Bruton-type congenital agammaglobulinemia) do not make antibody but 
have normal CMI, whereas patients with congenital thymic aplasia 
(e.g. Di George's syndrome) show markedly impaired CMI but can make 
relatively normal amounts of antibody in response to some antigens 
(reviewed by Good et al., 1971). More recently, it was shown that 
congenitally athymic (nu/nu) mice were capable of accepting for their 
lifetime skin grafts from distantly related mammals and birds as 


well as skin grafts from reptiles and amphibians; thymus implantation 
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Characteristics and functions of humoral and cell-mediated immunity 


ee eee ee ee ee es AS 
A) Humoral immunity: 


tbs 
on 
oe 


Is a function of B cells, 
Is effected by specific antibody molecules, 


Inactivates foreign materials, e.g. bacterial toxin, 


- Produces immediate hypersensitivity (e.g. hayfever, drug 


allergy), 


- Regulates the function of both B and T cells by competing 


with lymphocyte receptors for antigenic determinants, 


. May aid in the localization of antigen on appropriate 


lymphoid tissues by antibody, 


. Produces antibody-antigen complexes which induce immune 


paralysis (tolerance). 


B) Celi-mediated immunity: 


Te 
Lic 


Is a function of T cells, 


Is effected by cytotoxic lymphocytes, 


- Includes production of antigen-nonspecific factors or lympho- 


kines (e.g. migration inhibition factors, chemotactic factors, 


cytotoxic factors, and mitogenic factors), 


. Produces delayed hypersensitivity, 
. Is the basis for rejection of foreign tissues, 


. Is the mechanism for graft-versus-host responses (where trans- 


Planted foreign lymphoid cells respond against the antigens 


of the recipient, often resulting in recipient death), 


. Produces immunity to various microbes. 
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into athymic mice enabled them to reject such foreign skin grafts 


(Manning et al., 1973). 


In vitro studies confirmed that cytotoxic lymphocytes are 





of thymic origin. During maturation in the thymus T cell precursors 
acquire the © antigen (Reif and Allen, 1964). Antibodies specific 
for the 8 antigen can be used, with complement, to destroy T cells 
Selectively (Raff, 1969). Using this technique Cerottini et al. (1970) 
demonstrated that cytotoxic lymphocytes and their precursors carry 
the 8 marker. This is in contrast to antibody-secreting cells. It 
is therefore clear that target cell destruction by killer cells is 

a specific function of T cells whereas cells that form antibody are 
of non-thymic origin. Evidence that B cells are precursors of AFC 
was conclusively provided by Nossal et al. (1968). By reconstituting 
lethally irradiated mice with mixtures of chromosomally marked bone 
marrow cells and normal thymus cells, they were able to demonstrate 


that all the AFC were of bone marrow origin. ’ 


G. Cellular Interactions in Humoral and Cell-Mediated Immunity 


The cellular interactions involved in the generation of 
cell-mediated and humoral immunity are complex and not fully under- 
stood (Fig. 1.3). It is clear that three cell types are required 
for the initiation of an antibody response to sheep erythrocytes 
(SRBC) and to several serum protein antigens in mice: a B cell, 

a T "helper" cell and an accessory (A) cell (reviewed by Miller 
and Mitchell, 1969; Claman and Chaperon, 1969; Taylor, 1969; 
and, Talmage et al., 1970). The A cell is a glass-adherent, phagocytic 


(Mosier, 1967) and radioresistant (Roseman, 1969) cell. The terms 
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Fig. 1.3. A simplified scheme of the cellular interactions during 


cell-mediated and humoral immunity. 
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A cell and macrophage have been used interchangeably in the literature. 
The induction of a cytotoxic lymphocyte response takes place in an 
analogous manner. The cel] types involved are the cytotoxic lymphocyte 
precursor (which is a T cell), a helper cell and an accessory cell 
(Cantor and Asofsky, 1972; Wagner, 1973). More recently, -a T cell 
with suppressor activity for the induction of humoral and cell-mediated 
immunity has been demonstrated (reviewed by Gershon, 1974). The 

T suppressor and T helper cells are probably derived from different 

T cell subpopulations (Dutton, 1973; Scavulli and Dutton, 1975). 

One major advantage of the participation of multiple cell types is 

that it allows these responses to be regulated at several levels. 

The cellular interaction most extensively studied is the 
collaboration between T and B cells (reviewed by Katz and Benacerraf, 
1972). Claman et al. (1966) were the first to show that thymus and 
bone marrow cells act synergistically to give an antibody response. 

The bone marrow-thymus interaction was further substantiated by the 
work of Miller and associates (Miller and Mitchell, 1968; Nossal 

et al., 1968). Other evidence for T-B collaboration came from studies 
of antibody responses against chemically-defined determinants 

called "haptens". A hapten by itself cannot elicit an antibody 
response, but must be covalently linked to a "carrier" to be immuno- 
genic. Furthermore, the nature of. the carrier portion of the antigen 
is important in immunogenicity. In general, immunization is much 
better if the carrier is a strong antigen. Mitchison first pointed 
out that the "carrier effect" may depend on T-B cell collaboration. 
He showed that the antibody production against a hapten was aided 


by “helper cells" with immunological reactivity to the carrier 
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(Mitchison, 1971la). These carrier-primed cells were subsequently 
shown to be T cells since they were killed by anti-9 serum in the 
Presence of complement (Raff, 1970). 

However, not all antigens are hapten-carrier complexes. 
A number of antigens exist which can stimulate B cells directly 
without the cooperation of T cells. These antigens are usually 
repeating polymers and include the polymerized flagellin (POL) of 


Salmonella adelaide, Tevan from Corynbacerium levaniformis, dextran, 


Pneumoccal polysaccharide type III (SIII), bacterial lipopolysaccharide 


(LPS), and polyvinyl pyrollidone (PVP) (Coutinho and Méller, 1973). 


H. Models of B Lymphocyte Activation 


Several hypotheses have been advanced to explain the 
mechanism underlying T-B cell collaboration. Mitchison (1971b) 
Suggested that T cells have carrier-specific IgX receptors (implying 
an Ig-like structure without defining the antibody class). His 
antigen-focusing hypothesis suggests that the role of T cells is 
to bind the carrier portion of the antigen and present the haptenic 
part of the antigen in proper orientation and concentration to B 
cells. Experimental support for antigen-focusing, also known as the 
“matrix hypothesis", came from the observation that the monomer of 
POL agus cell-dependent (TD) whereas the polymer was T cell-indepen- 
dent (TI) (Feldmann and Basten, 1971). Further, a TD antigen, with 
One chemically-defined haptenic determinant, when covalently linked 
to Sepharose beads or polyacrylamide, was converted to a TI antigen 
(Feldmann et al., 1974). It thus appeared that T cells act by making 


monomers behave like polymers. The matrix hypothesis was further 
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elaborated by Feldmann and Nossal (1972) .who suggested that antigen- 
activated T cells secrete monomeric IgM, referred to as IgT. Many 
IgT-antigen complexes will bind to the surfaces of A cells to form 

a matrix, where the antigen is properly orientated and present in 
sufficient concentration to activate B cells. Evidence against this 
hypothesis came from the observations that monomeric antigen induces 
responses in the absence of T cells (Hunter and Munro, 1972), that 
some polymeric antigens are T cell-dependent in rats (Steward, 1971), 
and that TI antigens do require a small number of A cells (Lee et 
al., 1975), indicating that a matrix is insufficient for induction. 

An alternative hypothesis was advanced by Bretscher and 
Cohn (1968). Their "two signal" model suggests that the binding of 
antigen to B cells induces a tolerogenic signal, since haptens 
coupled to nonimmunogenic carriers are tolerogenic (reviewed by 
Bretscher, 1972). B cell triggering will occur only when a T cell- 
derived associative antibody (equivalent to IgX) is also present to 
provide the inductive signal. peivnenie antigens, because of their 
Structure, were postulated to require very smal] amounts of associative 
antibody to trigger B cells. However, this argument is weakened by 
the recent finding that B cells in nu/nu spleen cultures can proli- 
ferate in the absence of T cells when stimulated by a TD antigen 
(Dutton, 1975). 

The starting point for the “one non-specific signal" 
hypothesis of Coutinho and Méller (1974) was the observation that 
all the TI antigens they tested were found to be polyclonal B cell 
activators (mitogens) in terms of 3u-thymidine uptake and antibody 


responses. They postulated that B cells are activated by non-specific 
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signals delivered to the cells by surface structures which are not 
immunoglobulin receptors. The immunoglobulin receptors serve an 
important passive focusing function and permit selective binding of 
the antigen to the specific cells. The function of immunoglobulin 
receptors is to ensure the specificity of the response and not to 
initiate the response. The actual triggering event is caused by 
Signals delivered either by the antigen itself (but not by its 
antigenic determinants) in the case of TI antigens, or by factors 
released from T cells and/or macrophages in the case of TD antigens. 
However, the mitogenicity of TI antigens is weak and the observed 
response does not appear to be of sufficient magnitude to provide 

a strong indication of biological relevance (Greaves Gaines Verne 

It is clear from the above discussion that none of the 
above hypotheses accounts for all the observations relating to B 
cell triggering. Perhaps the understanding of T-B cell collaboration 
will become clearer when the structure of antigen-specific T cell 
factors is better understood. Work along this line has shown that 
an antigen-specific factor to (T,G)-A--L is coded for by a gene in 
the mouse major histocompatibility complex (H-2); this factor 
(M. Wt. = 50,000) is adsorbed by antigen and anti H-2, but not by 
anti-Ig (Munro and Taussig, 1975). 

What is apparent is that B cell stimulation does not require 
that antigens enter the cell (Feldmann et al., 1974). Further, there 
are antigen-specific T cell factors which are necessary for complete 
B cell responses to TD antigens. Similar factors, of non-specific 
nature, also contribute to B cell stimulation by antigens. And 


finally, some antigens can elicit B cell responses in the apparent 
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absence of T cells. 


I. Activation of Lymphocytes by Mitogens 


Biochemical analysis of specific immune responses has 
been difficult since the number of cells that are responsive to a 
given antigen forms a very small fraction of the total lymphocyte 
population. Recently, a variety of agglutinins of plant origin has 
been found to induce proliferation in a large proportion of the 
lymphocyte pool (reviewed by Greaves and Janossy, 1972), thus 
Providing a model for biochemical analysis. These mitogens include 
phytohemagglutinin (PHA), concanavalin A (Con A) and pokeweed 
mitogen (PWM). The mitogens PHA and Con A preferentially stimulate 
T cells whereas PWM can stimulate both T and B cells (Greaves and 
Janossy, 1972). Mitogens specific for B cells include LPS, levan, 
STIT, PVP, dextran, and POL (Coutinho and Méller, 1973). 

The binding of mitogens to the lymphocyte surface consti- 
tutes an essential but insufficient requirement for the initiation 
of lymphocyte proliferation. Thus, B cells can bind as much Con A 
as do T cells, but are not stimulated (Stobo et al., 1972). Inter- 
nalization of the mitogen into the cell is also not necessary for 
lymphocyte triggering (Greaves and Bauminger, 1972; Andersson and 
Melchers, 1973). Thus, there must exist a mechanism by which cell 
surface signals are translated into intracellular Signals respon- 
sible for inducing mitosis in the lymphocyte. The nature of such 
a mechanism is still poorly understood. 

Extensive reorganization of cell surface receptors for 


Con A, PHA, and PWM have been shown to occur following the binding 
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of these mitogens to lymphocytes, j.e. "patching" followed by the 
"capping" of bound receptors (Greaves and Janossy, 1972). A correla- 
tion between mitogen binding and membrane fluidisation has been 
described. Furthermore, concentrations of mitogen which were too 
high to stimulate the cells ("supramitogenic" levels) also failed 

to induce the immediate fluidisation of the cell membrane (Barnett 
et al., 1974). Capping by itself does not constitute a trigger since 
B cell receptors for Con A, a T cell mitogen, can also cap in the 
presence of Con A (Greaves and Janossy, 1972). 

In addition to surface events, changes in cellular metabo- 
lism have also been studied. The addition of PHA generates several 
biochemical changes in the cell within the first hour: 1) an increase 
32 


P. into phosphatidylinositol in the 


in the incorporation of . 


membrane (Fisher and Mueller, 1971); 2) an increase in the cell 
uptake of RNA, protein, and lipid precursors (Pogo, 1969; 
Peters and Hausen, 1971); 3) an increase in K* (Quastel et al., 1970) 
and Ca’ transport (Maino et al., 1974); 4) changes in intracellular 


cyclic GMP (Hadden et al., 1972) and cyclic AMP levels (smithpetual.; 
1971a; | Krishnaraj and Talwar, 1973; Webb twa leis 1973)cau 5)>acetyla- 
tion of histones (Pogo et al., 1966) and binding of acridine orange 

dye to the deoxyribonucleoprotein (Killander and Rigler, 1969); 

6) phosphorylation of nuclear basic proteins (Kleinsmith ety aliens] 966; 
Cross and Ord, 1971); and 7) an increase in RNA and protein synthesis 
(Bach and Hirschhorn, 1963; Rubin and Cooper, 1965; Pogo etwaik, 1966). 
DNA synthetic activity does not increase until about 20 hr later and 


is correlated with an increase in DNA polymerase activity (Loeb et al., 


1968). The relative importance of these observed metabolic changes 
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in the initiation of lymphocyte proliferation has not been established. 


Very little evidence exist as to which factors are causes, and which 


are results, of stimulation. 


J. Cyclic Nucleotides as Intracellular Mediators of Lymphocyte 


Activation 

The large number of biochemical changes observed following 
the addition of a mitogen to lymphocytes led to the speculation that 
the mitogen may activate certain key intracellular mediator(s) 
(Watson, 1975). Cyclic AMP is an attractive candidate in this regard 
because: 1) it is formed by the activation of a membrane-bound 
enzyme, 2) it occupies a key position in cellular metabolic processes, 
3) it is important in regulating cell proliferation, and 4) it is 
involved jn mammatian cell differentiation. 

Cyclic AMP was discovered by Sutherland and Rall (1957) 
in the course of investigating factors controlling the degradation 
and synthesis of glycogen in liver cells. The scheme for the forma- 
tion and breakdown of cAMP as well as its mode of action in liver 
cells is shown in Fig. 1.4. The net result of the binding of 
glucagon and epinephrine to liver cell membrane is the conversion of 
liver glycogen into glucose molecules. It is now clear that the 
actions of many other hormones are also mediated by cAMP (Robison 
et al., 1968). . 

Evidence that cell proliferation is regulated by cAMP 
came from measurements of cellular cAMP levels in cultured fibroblasts 
at various stages of their growth cycle. It was found that the 


highest cellular cAMP levels were attained when the cells were arrested 
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Hormone (epinephrine or glucagon) 


(inhibited by chlorpromazine) 





Adenyl cyclase Liver cell membrane 





ATP PP. + 3',5'-cAMP Phosphodies terase 5 AMP 
(inhibited by amino- 
phylline, dbcAMP, or 
papaverine) 


Protein kinase ———>Protein kinase 
(inactive) (active) 


Phosphorylase ——————» Phosphorylase 
kinase kinase 


(inactive) (active) 


! 


Phosphorylase b ——————» Phosphorylase a 
(inactive) (active) 


Por ageSlycogenk sss eG ucose-1-P 


R = receptor subunit; C = catalytic subunit 





Fig. 1.4. A scheme for the formation and degradation of cAMP and its 
role in the regulation of glycogen levels in liver cells. 
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at confluency (Burger et al., 1972). Reinitiation of growth by brief 
proteolytic treatment of confluent cells was accompanied by a drop 

in the level of intracellular cAMP. Furthermore, this growth stimu- 
lation by protease was inhibited by the addition of dibutyryl cAMP 
(dbcAMP) (Burger et al., 1972). On the other hand, virally transformed 
fibroblasts exhibited uncontrolled proliferation and this altered 

State was linked to their inability to accumulate normal amounts of 
cAMP (Sheppard, 1972). More recently, cGMP has also been shown to 

be involved in cell proliferation. .Rudland et al. (1974) observed 

that resting normal fibroblasts have a high cAMP/cGMP ratio whereas 
growing, or serum activated, cells have a low cAMP/cGMP ratio. - On 

the other hand, transformed fibroblasts have relatively constant 

cAMP and cGMP levels whether during growth or at confluence. 

In addition to regulating cell proliferation, cAMP has also 
been shown to be involved in cell differentiation. Thus, the addition 
Of exogenous cAMP to cell cultures often results in the expression 
of a specialized function characteristic of the cell type. For 
example, the addition of cAMP, or agents which elevate cAMP levels, 
to immature T lymphocytes from the spleen or bone marrow of nu/nu 
mice induces the differentiation of these cells into mature and 
functional T lymphocytes (Scheid et al., 1973). Pigment production 
in melanomas is induced by the addition of dbcAMP (Johnson and 
Pastan, 1972). 

The evidence for the involvement of cAMP in lymphocyte 
triggering is summarized in Table 1.2. Increases in intracellular 
cAMP levels however are insufficient for lymphocyte triggering. 

Thus, prostaglandin EY could enhance intracellular cAMP levels in 


rat lymph node cells but did not induce them to go into mitosis 
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Evidence for the involvement of cAMP in lymphocyte triggering 


a 


Observations 


References 


ee ee eee eee 


1. DbcAMP stimulated RNA and DNA synthesis 
as well as enhancing the phosphoryla- 
tion of histones in a manner analogous 
to PHA stimulation of pig lymphocytes. 


2. Stimulation by PHA was blocked by 
inhibitors of adenyl cyclase 
(e.g. chlorpromazine). The lymphocyte 
response to dbcAMP was less inhibitable 
by chlorpromazine. 


3. PHA stimulated adenyl cyclase and 
increased intracellular cAMP level 
within a few minutes. 


4. Cyclic AMP induced rat thymocytes 
to go into mitosis. 


5. Agents that raised intracellular 
cAMP levels (e.g. dbcAMP, AP, 
isoproterenol and prostaglandins) 
inhibited PHA-induced lymphocyte 
transformation. These observations 
were interpreted to mean that 
higher than optimal levels of 
cAMP were inhibitory. 


Ceoss and Ord, 1971. 


Cross and Ord, 1971; 
Krishnaraj and 
Talwar, 1973. 


Smith et al., 197la; 
Krishnaraj and Tal- 
war, 1973. 


MacManus et al., 
197 1a. 


Smith et al., 1971b. 
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(Novogrodsky and Katchalski, 1970). Hadden et al. (1972) reported 
that purified PHA lost its ability to increase intracellular cAMP 
levels and yet retained its mitogenic properties. This raises serious 
doubts as to the direct role of cAMP in mediating lymphocyte trans- 
formation. 

The involvement of cGMP in lymphocyte triggering is 
Suggested by the studies of Hadden et al. (1972). They observed 
that Con A or PHA, when added to human blood lymphocytes at mitogenic 
concentrations stimulated rapid increases in cellular cGMP levels 
in these cells. More recently, LPS has also been shown to induce 
cGMP accumulation in spleen cells from athymic mice (Watson, 1975). 
The addition of exogenous cGMP could also stimulate DNA synthesis 
in normal (Weinstein et al., 1974) and T-depleted spleen cultures 
(Watson, 1975). However, elevated cGMP alone seems to be insufficient 
for lymphocyte triggering since carbamyicholine (an agent which 
raises intracellular cGMP levels) is not a B or aT cell mitogen 


(Greaves et al., 1974; Watson, 1975). 


K. Rationale for this Work 

Cyclic AMP has been shown by several groups to affect the 
induction of primary immune responses. These observations are 
described in the Introduction to Chapter III, and form the starting 
point for the experimental work to be described. 

Since the expression of immunity involves the proliferation 
of an antigen-reactive clone, the manner in which lymphocyte prolife- 
ration is regulated is of primary importance. As discussed above, 


cAMP and cGMP appear to play a role in regulating cell proliferation. 


fw 
1f3 























70) 


ory 14 a4 naitofrpe! pene r ld aa all ‘his ina 
OMAs s46ful[ Paeasionh od Yi iT ait deal rg bal thug ie 
anh aes atl witpaoax stnapodim 4) bontutes dey baw 2svel 

Win te afoy SouNeh off of 26 S0agae 
no it giver 
i a be bie @ 4 yoy ay { ' H , To names lLaval =1}} i 

. 7 : r 

i y (ect) fe fo nehoes to esthede att yd beeen 
+ : . 7; > mT tevries § *) 1) iT " : i ] ' » 1 iy ‘ AMS 10 ad c 2) g any , 
io bes Chumirse 24 Is 1 1200s = 

| ps 

; 

. af» a” BoM 2fian e2end me 
a » «fends fh ; e ‘fo nf nor epyumaos Heo. 
. | : 

ec Mk +e! sO ea VO foe ant | 
Thee (300f . Te oo dbetantal) Tang 

acs stots Wor batavels ,soveneh 1 Cees notdeliye 


vty i & j wis) are’ Ot 3 f gen Tyt a7\ 306A) +O? 


i ii ‘ 
i f » BS as % 7 
i Te ; vad cl& ia t 4 vogtay 


ors sast1 ze oF etvote [svevae VS NWwohe need eb Spe SH \ 


gib znolsavra2do, vto AT ,g@asrtqzet orn greater Fo nottout 
a ont oat bee. , 417 nasal 0 not doubarant ais phe 
hive ad 9: nts ah Aen 


he 


‘4h 
ca 





. 1 


26 


Thus, cyclic nucleotides are potentially useful tools to study how 
the proliferation of antigen-stimulated cells is normally regulated. 
An important feature of the immune system is the participation of 
multiple cell types in the initiation of an primary immune response. 
One may expect cAMP to have different effects on different cells 
of the immune system. This property of cAMP makes it useful for 
Studying the interactions between cell types. These studies are 


dealt with in detail in Chapters fil, IV andeve 
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CHAPTER 


GENRAL MATERIALS AND METHODS 


Materials 


Se ce Sa eee 


Eee 


Materials 


Chemicals: 


te 


General laboratory chemicals and 
reagents. 


Adenosine-3' ,5'-cyclic monophos- 
phate; n° 02 -dibutyryl- 
adenosine-3',5'-cyclic monophos- 
phate; aminophylline and 
imidazole. 
Guanosine-3',5'-cyclic monophos- 
phate; N°,0° -dibutyryl- 

guanos ine-3',5'-cyclic monophos- 
phate; 8-bromo-guanosine-3',5'- 
cyclic monophosphate; carbamy1- 
choline chloride and papaverine. 


Adenosine-5'-monophosphate; 
adenosine and guanosine. 


2-mercaptoethanol. 


Chlorhexidine acetate 


Media_ ingredients: 


Ue 


Minimum essential medium (MEM); 
fetal calf serum (FCS); essen- 
tial amino acids (50x);  non- 
essential amino acids (100x); 
glutamine (lyophilized). 


Bacto heart infusion broth and 
Noble agar. 


Source 


—er—rnrr eee se ee 


Fisher Scientific Company, 
Montreal. 


Schwarz/Mann, Orangeburg, 
New York. 


Sigma Chemical Company, 
St Louis, Mo. 


Raylo Chemicals Limited, 
8045 Argyll Road, 
Edmonton, Alberta. 


Eastman Kodak Company, 
Rochester, New York. 


Ayerst Laboratory, 
Montreal, P. Q. 


Grand Island Biological 
Company, Grand Island, 
New York. 


DIFCO Laboratory. 
Detroit, Michigan. 


rn ree 
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Animals. Male and female mice of the CBA/J, CBA/CaJ, or 
DBA/2J strain were purchased from The Jackson Laboratory, Bar Harbor, 
Maine at 8 weeks of age. The mice were maintained on Purina mouse 
chow and water in the Health Science Animal Center, University of 
Alberta and used at 2 to 6 months of age. 

Antigens. Sheep erythrocytes (SRBC) were collected 
aseptically in Alsever's solution and stored as a 20% v/v solution 
ate. They were washed (1500g, 7 min) twice in normal saline and 
Once more in medium before being used for in vitro stimulation. 
Polymerized flagellin (POL) from Salmonella adelaide (strain SW 1338, 
H antigen fg, 0 antigen 35) was prepared according to the method 
of Ada et al. (1964). It was stored at -20° at 2 to 3 mg per ml in 


sterile double-distilled water (ddH,0). 


B. Methods 


Preparation of tissue culture medium. To a mixture 


containing 9.8g of MEM, on 5g NaHCO, > 10 ml of sodium pyruvate (100x), 


10,000 units of penicillin and 10,000 ug of streptomycin, ddH,0 was 
added to 950 ml. The pH of the medium was adjusted to about 7.2 by 


passage of CO The medium was sterilized by means of millipore 


5° 
filtration. 100 ml of heat inactivated FCS (30 min, 56°) was then 
added. Where present, the medium contained 5x10"> M 2-mercapto- 
ethanol (2-Me). 

Nutritional cocktail was prepared in the following manner: 
9.8g of MEM were dissolved in 950 ml of ddH.0. TOT35 Wt OF “this 
solution were added 5 ml of essential amino acid (oOxjmre=5 mi of 


nonessential amino acid (100x), 2.5 ml of 200 mM glutamine and 
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7.5 ml of a solution containing 7.5% w/v NaHCO. and 6.7% w/v dextrose. 
FCS was then added to give a final concentration of 30% v/v. The 
nutritional cocktail was stored at -20° until use. 

Solutions. Puck's saline was prepared by dissolving 8.0g 
NaCl, 0.49 KCl, 1.0g dextrose, 0.35g NaHCO. and 0.10 g of phenol red 
in 1 liter of ddH,0. The ingredients for the Mishell-Dutton balanced 
Salts solution (BSS) were: 1.0g dextrose, 0.06g KH5P0). 0.369 Na jHPO, . 


71505 0.40g KC], 8.0g NaCl, 0.19g CaC1,.2H,0, 0.20g MgC -6HO0, 0.20g 


Z2iGee 2 
MgSO, .7H,0 and 0.10g phenol red per liter. Phosphate buffered saline 
(PBS) contained 8.0g NaCl, 0.209 KCl, 1.15g Na HPO, in 1 liter of 


ddi.0. 


Preparation of spleen cells. Aseptic techniques were 


used throughout. Mice of the same strain, age and sex were killed 
by cervical dislocation. Not more than five spleens were pooled 

in 10 ml of Puck's saline, acidified by passage of CO,,. The spleens 
were minced with fine scissors and gently teased through a stainless 
steel mesh. The cell suspension was spun in a 17x100 mm polystyrene 
(Falcon) tube at 750g for 7.5 min. The pellet was resuspended in 
two volumes of Puck's saline (pH = 8.0), allowing a few seconds for 
the dead cells to clump. The tube was then filled with medium and 
Spun at /50g for 7.5 min. The cell pellet was finally resuspended 
in medium. The viability of the single spleen cell suspension 

was determined by counting in a hemacytometer using 0.1% w/v 

eosin Y (Hanks and Wallace, 1958) in PBS and 10% FCS to stain dead 
cells. The viability of spleen cells using this procedure was usually 


about 90%. 
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Culture systems. The culture systems of Diener-Arms trong 
(1969) and Mishell-Dutton (1967) were used throughout this study. 

In the Diener-Armstrong system, usually 2x10! viable spleen 
cells plus 0.02% v/v SRBC and/or 250 ng POL per ml in a total volume 
of 1 ml were added to a 1.1 cm diameter glass tube with its end 
covered by a piece of dialysis membrane. The tube was then placed 
in a conical flask containing 50 ml of medium, care being taken to 
ensure that the liquid levels on both sides were the same. Each 
experimental group was usually done in quadruplicate. The flasks 
were incubated for 4 days at 37° ina gas mixture of 10% C0. died dr. 
No daily feeding of cultures was necessary using this method. 

In the Mishel1-Dutton system each 35x10 mm tissue culture 
dish (Lux Scientific Corporation, Thousand Oaks, Calif.) contained 
1x10/ Viable spleen cells plus 0.02% v/v SRBC and/or 100 ng POL per 


ml and 5x107° 


M 2-Me (Click et al., 1972) in a total volume of 1.0 
ml. The dishes were placed on a Bellco rocking platform and rocked 
at 6 to 7 oscillations per min. Each experimental group was usually 
done in quadruplicate. The cultures were incubated for 4 days at 
37° in a gas mixture of 10% CO, in air. Each culture was fed 
daily with 0.1 ml of nutritional cocktail. | 

At the end of the culture period the cells were harvested 
in Mishel1-Dutton BSS and washed twice in the same solution before 


assay. Each culture was resuspended in a total volume of 0.5 ml 


in Mishell-Dutton BSS. 


Assays. Anti-SRBC AFC were assayed by the method of 


Cunningham and Szenberg (1968). The assay mixture (total volume = 
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0.17 ml) contained 3% v/v SRBC, 0.05% v/v guinea pig serum as a source 
of complement and an appropriate number of immune cells. Formation 
Of plaques was allowed to occur for 1 hr at 37°. 

Anti-POL AFC were enumerated by the bacterial cytoadherence 
assay of Diener (1968) with the following modifications. S. derby 
(strain 721, H antigen fg) was grown overnight in 5 ml of nutrient 
broth at 25°. This procedure prevented the formation of long chains 
Of bacteria which would artificially increase the number of 
colonies scored, and thus the number of AFC. The bacterial Suspension 
was neutralized with NaOH before use and the cells were incubated 
for a further 15 min at room temperature before being plated out in 
T ml of agar (2.5% heart infusion broth; 1.5% w/v Noble agar). 

This method yielded larger colonies without affecting their number. 

Results for anti-SRBC and anti-POL assays are expressed 
as the arithmetic mean + standard error of the mean (SEM). 

Statistical calculations were done on a Wang 500 calculator. 


Other methods are described in the appropriate chapters. 
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CHAPTER III 


EFFECTS OF CYCLIC AMP AND CYCLIC GMP ON IMMUNE RESPONSES 


A. Introduction 

The earliest evidence suggesting that cAMP may play a 
role in immune responses was indirect. The double-stranded hybrid 
Of polyriboadenylic and polyribouridylic acids (poly A:U) can 
enhance the AFC response to SRBC both in vivo (Ishizuka ebeal es 
1970; Braun and Ishizuka, 1971a,b) and in vitro (Braun and 
Ishizuka, 1971a; Ishizuka et al., 1971; Jaroslow and Ortiz-Ortiz, 
1972). This action of poly A:U was potentiated by the cAMP phos- 
Phodiesterase inhibitor, theophylline (Braun and Ishizuka, Lode b. 
Ishizuka et al., 1971). Although poly A:U itself has little demon- 
Strable effect on adenyl cyclase or intracellular cAMP levels 
(Winchurch et al., 1971; Mozes et al., 1974), Braun and coworkers 
have suggested that it acts synergistically with antigen to increase 
intracellular cAMP levels, perhaps only in antigen-recognizing cells. 
Higher, but non-toxic amounts of poly A:U, inhibited immune responses 
to SRBC (Braun and Ishizuka, 1971a). These observations led Braun 
and coworkers to suggest that an antigen, on reacting with lympho- 
cytes, stimulates the biosynthesis of endogenous cAMP, and that 
this rise in cAMP level constitutes an activation Signal. 

More direct evidence for the involvement of cAMP in 
lymphocyte activation comes from the studies of Plescia et al. 


(1975). They showed that intravenous injection of SRBC into mice 


resulted in a biphasic change in the level of splenic cAMP; 
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a two to three fold increase within two minutes, followed by a drop 
to below normal levels during days two to five. This change in the 
splenic level of cAMP occurred in response to heterologous erythro- 
cytes, but not to autologous (nonimmunogenic) erythrocytes or 
nonimmunogenic carbon particles. Furthermore, poly A:U was immuno- 
enhancing if given with SRBC when the cAMP level was rising, and 
immunosuppressive if given when the cAMP level was decreasing. 

On the other hand, Watson et al. (1973) presented data 
Suggesting to them that elevated intracellular cAMP level is a 
mediator of immune paralysis, or tolerance. Addition of dbcAMP to 
mouse spleen cultures at early times reduced the number of AFC to 
SRBC. The inhibition by dbcAMP could be partially overcome by 
cGMP. In nu/nu spleen cultures, daily feeding of cGMP could also 
greatly increase the response to SRBC, a TD antigen (Watson (Curd lls 
1973). These observations were interpreted along the lines of the 
two signal medel (p. 17), i.e. the paralytic Signal delivered to 
B cells by antigen is cAMP and the inductive Signal (normally 
delivered by T cells) takes the form of cGMP. 

Further experimentation is therefore required to resolve 
this controversy regarding the role of cyclic nucleotides, especially 
cAMP, in the initiation of an immune response. The data to be 
presented will show that increasing intracellular cAMP levels during 
the first 12 hr of primary humoral or cell-mediated immune responses 
increases their magnitude. Under the same conditions, cGMP has 
no direct effect but inhibits cAMP-mediated stimulation. The effects 
of cAMP in the humoral response are antigen-dependent and antigen- 


specific. 
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B. Materials and Methods 
Materials 
The mastocytoma line P815 (H-22) was maintained by weekly 


passage through DBA/2J hosts (H-2°). Sodium-"| 


Cr-chromate was 
purchased from New England Nuclear Company. 
Methods 

Treatment with pharmacological agents. Pretreatment of 


cells with the agents was carried out in Falcon Petri dishes at 


Z and 1x10! cells per ml. Agents were removed 


5x10" cells per mm 
by washing the cells three times with medium at 4°. Since some of 
the test agents used were cytotoxic at higher concentrations, the 
number of cells recovered in control and test groups after a 12 hr 
incubation could differ by 20 to 50%, depending on culture condi- 
tions. This difference in cell number was not compensated for when 
the cells were recultured in either the Mishell-Dutton or the Diener- 
Armstrong system, i.e. each flask contained the viable cells from 


7 


2x10° cells, or each tissue culture dish contained the viable cells 


from 1x10! cells, added at 0 time. 


Generation of cytotoxic lymphocytes. Cytotoxic lympho- 


cytes to DBA/2J (H-2°) were generated in a one-way mixed lymphocyte 


7 viable CBA/J (H-2*) spleen cells with 


137 


culture by incubating 1.5x10 
2x10° irradiated (1000 rads whole body irradiation from a Cs 
source: Gamma Cell 40, Atomic Energy of Canada Ltd.) DBA/2J spleen 
cells in Diener-Armstrong flasks. Five days later the cells were 
harvested and washed twice with medium before assaying for cytolytic 


5] 


activity against Cr-labelled P815 mastocytes. 


Assay for cytotoxic lymphocytes. The ability of sensitized 
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CBA/J lymphocytes to kill P815 mastocytes was assayed according to 
Brunner et al. (1968). Cytotoxic lymphocyte to target ratios of 
40, 20, 10, and 5 to 1 were used. Each ratio was done in duplicate 


with 3x10° 2! 


Cr-labelled target cells in 12x75 mm polystyrene 
(Falcon) tubes in a total volume of 0.5 ml. Incubation was at 37°. 
At the end of 5 hr, 1 ml of 0.2% v/v SRBC was added and the tubes 
were spun at 750g for 10 min. The top 1 ml supernatant and 1/2 ml 


Supernatant plus pellet were counted in a gamma counter. Per cent 


specific lysis were calculated from the equation: 


% specific lysis = % release of test group - % release of bkg y 100 


% maximum release ~- % release of bkg 
where % release = Supernatant counts X 100 


Supernatant counts + pellet counts 
and bkg = background. Background release was determined in the same 
manner as test groups except that the spleen cells were obtained from 
unimmunized cultures. Maximum Sep release was achieved by freezing 
and thawing 3x10" labelled target cells three times and then incu- 


bating the cells at 37° for 5 hr. 


The results were expressed as lytic units (MacDonald et 
al., 1974) per culture. One lytic unit is defined as the number 


4 ole jabelled P815 target 


of cells required to lyse 50% of 1x10 
cells under the conditions described above. Lytic units per 
culture is therefore a relative measure of the frequency of 


cytotoxic lymphocytes in various cell populations. 
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C. Results 
Long term effects of cAMP and cGMP on the AFC response to SRBC and POL 
Cyclic AMP, cGMP, and agents that enhance the intracellular 
levels of these two cyclic nucleotides were tested for their abili- 
ties to affect antibody responses. Normal CBA/J Spleen cells were 
incubated with various concentrations of these agents in the presence 
of SRBC and POL for the entire length of the culture period. The 
results are shown in Table 3.1. DbcAMP and aminophylline (AP) were 


Bato 1077 M range, peaking at 


Stimulatory (2 to 3 fold) in the 10° 
10°* M. Both responses were completely inhibited by these agents 
at 10°? M. Lower concentrations of papaverine, a more potent inhi- 
bitor of the cAMP phosphodiesterase (Sheppard et al., 1972), were 


required to achieve the same effects. Cyclic AMP could also inhibit 


S M but did not stimulate the response 


the anti-SRBC response at 10° 
at lower concentrations. In all cases inhibition by these agents 
at high concentrations was directly correlated with their cytotoxic 
effects. 

On the other hand, cGMP and its dibutyrated or 8-bromo- 
derivatives had little or no effect on the AFC response to SRBC or 


7 to 1073 


POL over a concentration range of 10 M; the cholinergic 
agent, carbachol, also had no effect (Table 3.1). These observa- 
tions are in agreement with those reported by other workers 


(Watson et al., 1973; Watson, 1975). 


Early effects of cAMP and cGMP on humoral responses 


Since transient increases in endogenous cyclic nucleotides 


levels have been observed following the addition of mitogens or SRBC 
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to lymphocytes it was thought that agents that would elevate intra- 
cellular cyclic nucleotides levels might be immunoenhancing when 
present only at early times in antigen-stimulated cultures. This 
was tested by treating antigen-stimulated spleen cells with various 
concentrations of the appropriate agent for the first 12 hr of a 
108 hr incubation period. The effects of "pulsing" the cultures 
with cAMP, its breakdown products (5'-AMP and adenosine), dbcAMP, 
AP, or butyric acid on the AFC response to SRBC are shown in Table 
3.2. DbcAMP and AP were most effective (2.6 to 4.3 fold) in stimu- 
lating the AFC response at 10°9 M. At this concentration dbcAMP 
and AP have been reported to inhibit the cAMP phosphodiesterase 
activity in fetal rat calvaria, leading to a 2 to 3 fold increase 
in intracellular cAMP level (Heersche et al., 1971); AP can also 
increase lymphocyte cAMP level (Smith et al., 1971a). Lower concen- 
trations were less effective or ineffective. Adenosine or butyric 
acid gave about a 2 fold enhancement of the response at 10°? M3 
whereas cAMP or 5'-AMP were completely ineffective in enhancing the 
anti-SRBC response. The stimulatory effects of adenosine and 
butyric acid can also be attributed to cAMP since these agents have 
been shown to increase cAMP levels in cytotoxic lymphocytes 
(Wolberg et al., 1975) and neuroblastoma cells (Sheppard and Prasad, 
1973). Similar results were obtained in the Diener-Armstrong or the 
Mishel1-Dutton culture systems. 

On the other hand, cGMP, dbcGMP, 8-Br-cGMP, or carbamyl- 
choline chloride (carbachol) did not have any effect on the anti- 


SRBC response under similar experimental conditions (Table 3.2). 


These studies indicate that cAMP, but not cGMP, is immunoenhancing 
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during the early phase of immune responses. 


The length of the Oe. 


M dbcAMP pulse required for maximal 
stimulatory effects was next determined. It is clear from Table 3.3 
that the best stimulation was obtained with a 0-12 hr pulse. It 
should be noted that at the concentration used, dbcAMP was cytotoxic, 
as indicated by the smaller number of viable cells recovered at the 
end of the pulse compared to control cultures. Despite this, an 


increase in the number of AFC was obtained. This was true even 


when dbcAMP was present for up to 22 hr. 


Stimulation of immune responses by cAMP is dependent on "good" 


culture conditions 

Since other workers have concluded that cAMP is immuno- 
Suppressive (Watson et al., 1973; Bdsing-Schneider and Kolb, 1973) 
the conditions under which cAMP-enhancing agents could inhibit the 
anti-SRBC response at early times were next investigated. The cells 
were pulsed with these agents either in Petri dishes as was normally 
done or in 17x100 mm polystyrene (Falcon) tubes. It was found 
that when the cells were preincubated in Falcon tubes, the cell 
pellet formed at the bottom of the tube was much more susceptible 
to killing by AP than when the cells were incubated in Petri dishes. 
As a result the response of cells treated with AP and antigen for 
as little as 6 hr in tubes gave a much lower response than control 
cultures (Table 3.4). The immunosuppressive actions of cAMP at 
early times could therefore be due to general cytotoxic actions. 

It has become common practice for some workers to incubate 


the spleen cells overnight in tissue culture medium before adding 
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Table 3.4 


Stimulatory effects of dbcAMP or aminophylline is dependent on "good" 
culture conditions 


a Sa a a ee eee en 


A. First incubation carried out in Petri dishes. 
eee ee EIONE Cana eGnouc In eretri. dishes: 


Additives during Anti-SRBC | Anti-POL 
0-6 hr incubation PFC/culture AFC/culture 
(mean + SEM) (mean + SEM) 


__-_OoOoO 





SRBC + POL 8631 + 346 5587 + 514 
" + " 41079 M dbcAMP 11681 + 800 6925 + 976 
ee ia ea 11850 + 336 5762 + 667 
" 4 4 41973 ap 8587 + 683 7887 + 1326 
Oe ee geet 10193 + 610 5325 + 594 


B. First incubation carried out in (Falcon) tubes. 
po ODOT OneCare eds Ouc sila (tal coms tubes. 


Additives during Anti-SRBC Anti-POL 
0-6 hr incubation PFC/culture AFC/culture 
(mean + SEM) (mean + SEM) 


_—_—_—-_oOoOoOoO 





SRBC + POL 6137 + 519 4337 + 532 
"+ " 41079 M AP 612 + 249 1150 + 176 


The first incubation was carried out either in Falcon Petri dishes 
(8x10 cells per dish in a total volume of 4 ml) or in Falcon tubes 
(8x10! cells per tube in a total volume of 4 ml). The concentrations 
of antigen used were 0.01% v/v SRBC and 250 ng POL/m1. At the end 
of 6 hr the cells were washed twice with medium and recultured with 
both antigens in quadruplicate in the Diener-Armstrong system. The 
cultures were assayed at 96 hr. 
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antigen. It was therefore decided to test if dbcAMP could stimulate 
the response to SRBC or POL under these conditions. The results in 
Table 3.5 show that although the number of cells recovered from 

the preincubated group after the 12 hr treatment was less than that 
of fresh cells, the Surviving cells from the dbcAMP treated group 
could still give an increase in the number of AFC to either SRBC 

or POL over control values. Thus, dbcAMP could stimulate both 

fresh spleen cells and spleen cells that have been incubated over- 


night in the absence of antigen. 


The actions of cAMP phosphodiesterase inhibitors at later times of 
the immune response 


Cyclic AMP has an antimitotic effect on the growth of 
fibroblasts (Burger et al., 1972). Also.since the change in cellular 
levels of cAMP following stimulation of lymphocytes with mitogen 
(Smith et al., 197la) or antigen (Plescia Ctydilnee | o75)misebipnasic. 
it was predicted that a high cAMP level would be immunos uppressive 
Once antigen-stimulated cells are proliferating (i.e. after 24 hr). 
Therefore a 5-day culture period was divided into five 24 hr inter- 


GeUMEAC Macwadtied to each of these 2a nmintemale Sadi re. 


Vals ae 10 
moved by washing with medium at the appropriate times. The results 
are shown in Fig. 3.1. Only treatment with AP during the first 

24 hr period stimulated the response. When AP was added later 
strong inhibition of the anti-SRBC response was observed, being 
maximal at 48 to 72 hr and least at 96 to 120 hr. ‘Similar obser- 


vations were obtained when the cultures were treated with 1072 M 


dbcAMP or when the anti-POL response was measured. The proliferation 
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6 a) Cells + Medium + 0.01% SRBC 


=q Cells +Medium +0.01Z SRBC 
ana 
24) +1mM Aminophylline 


PFC/CULTURE (x107°) at 120HR. 





Wp Wy 
Yy, Yj 
YY Ye 


0-24 24-48 48-7 72-96 96-12 
TIME OF EXPOSURE TO AMINOPHYLLINE (HR) 





Fig. 3.1. Effects of adding AP at different times of the culture 
period on the anti-SRBC response. All cultures were set up in tri- 
plicate in the Diener-Armstrong system. Each flask contained 

2x10! viable spleen cells plus 0.01% v/v SRBC. At the times indi- 
cated, 1073 M AP was added. Removal of the AP was achieved by 
washing the cells twice with 10 ml of medium. The control cells 
were in each case handled the same way as experimental cultures. 
After washing the cells were recultured with fresh medium in a 
fresh set of culture flasks without readjustment of cell densities. 
Number in parentheses indicate the number of viable cells, in 
millions, recovered per culture at 120 hr. 
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of antigen-stimulated lymphocytes thus seems to be be inhibited by 
high cAMP levels. 


Reversal of the stimulatory effects of dbcAMP 


If elevated cAMP levels stimulate immune induction, then 
prevention of this elevation should counteract the stimulation. 
Cyclic GMP and imidazole have been reported to stimulate the intra- 
cellular hydrolysis of cAMP (Beavo et al., 1970; Watson, 1974). 
Consequently, these compounds were tested for their ability to 
reverse the effects of dbcAMP. The results are shown in Table 3.6. 
Cyclic GMP or imidazole gave about a two fold stimulation of the 


3M and 107" M 


anti-SRBC response when present from 0-24 hr at 10 
respectively. When added simultaneously with dbcAMP to cultures, 
these agents considerably reduced the stimulatory effects caused 

by dbcAMP alone (from 4 fold to 2 fold). Con A, which has been 
reported to elevate cGMP levels in lymphocytes (Hadden et al., 1972), 
could also counteract the stimulation by dbcAMP (from 3 fold to 
normal levels). Since Con A has also been shown to affect the 
functions of T cells (Dutton, 1972), the inhibition of the dbcAMP 
effect could be due to factors other than cGMP. Addition of imida- 


zole to cultures subsequent to pretreatment with dbcAMP also reduced 


the stimulatory effect of dbcAMP (Table 3.6). 


The dbcAMP effect is antigen-dependent and antigen-specific 
The data in Table 3.7 show that the presence of antigen 


is required for dbcAMP to exert its enhancing effect on the immune 
response. This is true for the AFC response to either SRBC or 


POL. The effect is also antigen-specific, i.e. if dbcAMP is added 
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Table 3.6 


The stimulatory effect of dbcAMP is diminished by simultaneous 
incubation with cGMP, imidazole, or Con A 


eee ee ee Pe oe 


Additives during the Additives during the Anti-SRBC 
Expt. 0-24 hr incubation 24-120 hr incubation PFC/cul ture 
(mean + SEM) 


SS oe a a ea 


I SRBC SRBC 3766 + 450 
SRBC + dbcAMP SRBC 15000 + 1030 
SRBC + cGMP SRBC 7541 + 610 
SRBC + imidazole » SRBC 6300 + 470 
SRBC + cGMP + dbcAMP SRBC 9220 630 
SRBC + imidazole + dbcAMP SRBC 7441 + 600 
SRBC SRBC + imidazole 4150 + 655 
SRBC + dbcAMP SRBC + imidazole 6591 + 1340 
ee ee eee Nee ee Ro See ek 
II Anti-SRBC 
Additives during the 0-12 hr PFC/culture 
incubation (mean + SEM) 


_—_-_-__--:.:Coeoeoereeee 


SRBC 6366 + 168 
SRBC + dbcAMP 20333 + 1230 
SRBC + Con A 6900 + 408 
SRBC + Con A + dbcAMP 713354 1745 


ee ee 
The spleen cells were incubated with 0.01% v/v SRBC + test agent(s) 


in Petri dishes for 0-24 hr or 0-12 hr as indicated. At the end of 
the incubation the agents were removed and the cells recultured 

in the Diener-Armstrong system. Cultures in experiment I were assayed 
at 120 hr and cultures in experiment II were assayed at 108 hr. 
Concentrations of the agents used: dbcAMP, 107° M; cGMP, 1079 M: 
imidazole, 10°" Ms and Con A, 5 ug/mt. 


47 














Wetntoih et QWhodlh +6 fanaa rare ures eat , 
eS TONG) See ty eee ; 


ee ee 


Fn! i nen ‘4 i pats > ont oNTe iw at po FORA bi ee 
i OL ach. at OS =FS nots RAAT wt S49 es = | 


aaa pear! 

jiVieds. + See 

send i 

| : epee 3 

“e iirc 4 Sige * De 
sivewleim. © OHA 


48 


"AY SOL Ze pakesse BuaM SauNnzLNd [Ly *(S)uabLzUe 
paljLoads ay. YyILM wazSAs Huouzswuy-u4auaLqg aYyZ UL paung[Ndau Uday 9UaM S|[LB9D BY] *SAUSLP Luqag Ui YY ZI 
AO} dWYOOP W Ol }NOYZLM UO YILM [W/10d Bu OGZ uo/pue Jays A/A %LO°O YFLM pazeqnouL a4am S| 199 use|ds 








02S + €€26 Ovz + 8062 10d + 94S dW¥2GP W ,_OL + 10d 

OL8 + €262 019 + 99€b 10d + 29uS 10d 

L6L + OzEs Ovel + 990LL 10d + 94S dWV2GP W -_OL + 10d + EUS 

029 + 096€ 02S + 9169 - 10d + 94S 10d + 29uS 

088 + 089 10d dWV94P W -_Ol + 10d 

259 + 0862 "peu 10d 10d 

69L + 922 0802 + €€ZtlL 10d + 99uS dWV9GP W OL + I8US 

88 + €2S2 €89 + GZS 10d + 94S | 9gus 

fi 0902 + 9196 3g us dWyoqP W o_OL + GUS 

‘peu vl€ + L6LZ 9gus 9guS 

ISL + €Sbz2 F 10d dWV°GP W o_OL + WNLpeW 

18 + 0881 "peu 10d [Uo un. pay 

i 9LZ + SLZE 9gus dWVOqP W o_OL + WNLpeW 

peu G8 + $992 9guUs ALuo wntpay 
(WaS + Uvau) (WS + Ueow) uolzeqnoul vy gOL-ZL uoLzeqnoul vy Z1-0 
10d 0F a4unz_nd/J4y JAYS 0F 94unz[Nd/J4d 94} BulLunp saatzLppy 24} Bulunp sarlzLppy 





DLyLoeds-uahizue pue yUapuadap-uahizUe YIOG SL qNYIGP 40 7OeZJa AuoZPeLNWLAS BY) 


Cee LGEL 


JOd oF -sxy2Tuahl74. 
[Rae +: eg 


—— oe 








Yee 


eee llc rR, Ca a 


Jane. OS. 37S tuay 


a 


lle aetna ot deuemaianet —— oe 





ea? oattub saver 
netzsdgont ~1 BOP SI 


% 


i Reo 


49 


with antigen A for 12 hr, then removed, and the cells recultured with 
antigen A plus antigen B, only the response to antigen A is stimu- 
lated. It should also be noted that POL by itself has an enhancing 
effect on the anti-SRBC response (compare lines 1, 5,7, and lave 

This immunoenhancing effect of. POL could be due to its potential 


mitogenic properties (Coutinho and Méller, 1973). 


Effects of cyclic nucleotides on the induction of cell-mediated 
immunity 

The effects of agents which elevate intracellular cAMP 
levels on the inductive phase of cell-mediated immunity have not 
been described previously. To investigate this, cytotoxic lympho- 
cytes were generated in vitro by incubating CBA/J (H-2*) Spleen 
cells with lethally irradiated DBA/2J (H-29) Spleen cells in the 
Presence or absence of dbcAMP. After 12 hr the cells were washed 
free of these agents and recultured for a further four and a half 


Stee labelled 


days before assaying for cytotoxic lymphocytes us ing 
P815 mastocytes as targets. The results in Fig. 3.2 show that 
optimum stimulation of the response was obtained when the CBA/J 


4 M dbcAMP and stimulator cells. 


spleen cells were cultured with 10° 
The stimulation was observed either at high or low stimulator cel] 
dose. DbcAMP by itself did not stimulate the background response, 
j.e. it is dependent on the presence of antigen for stimulation. 

The results are expressed in terms of lytic units per culture in 
Table 3.8. On the other hand, dbcGMP under similar conditions did 
not have any significant effect on the induction of CMI (Table 3.9). 


Finally it was decided to investigate if cAMP can have 
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Fig. 3.2. Effects of dbcAMP on the induction of CMI. (A) Killer 
cells to DBA/2J were generated by incubating 1.5x10/ CBA/J spleen 
cells with 2x10° irradiated DBA/2J spleen cells for 5 days. Various 
concentrations of dbcAMP were added to the cultures for the first 
12 hr only. The drug was removed by washing the cells twice with 
medium. The cultures were assayed for cytotoxic lymphocytes 
according to Brunner et al. (1968), using “ler-labelled P815 
mastocytes as targets. Background supernatant counts were about 
120 cpm and freeze thaw supernatant counts (100% lysis) were about 
1500 cpm. {O——O), CBA/d + DBA/2J;. (&--A),. CBA/J + 10.” M 
dbcAMP; (4——A), CBA/J + DBA/20 + 10-2 M dbcAMP; (G—a), 
CBA/J + DBA/20 + 1077 M dbcAMP; (@——@ ), CBA/J + DBA/2J + 107° M 
dbcAMP . 

(B) Conditions used were similar to (A) except that the 
dose of DBA/2J celis was 0.2x10° per culture. 
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Early effects of dbcAMP on cell-mediated immunity 


a hn er ce ce 
Cyt crunics Stimulation 


Additives at 0-12 hr per culture? index 


SS ES eee ee ee 


2.0x10° DBA/2u (506 1.00 
" + 107° M dbcAMP 20.8 ce 
" 10 ae 43.3 2.78 
u Sly 30.4 1.95 
0.2x10° DBA/2u | 1.20 1.00 
n + 107° M dbcAMP 1.39 1.16 
" eM0n ees 4.69 3.90 
" Sie Oa ai 2.64 


The data used for this table were obtained from Fig. 3.2. 


an lytic unit is defined as the number of cells required to lyse 
50% of 1x107 labelled target cells under the conditions described 


in "Methods". 
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Table 3.9 


Early effects of dbcGMP on cell-mediated immunity 





Lytic units Stimulation 





EXpee Additives at 0-12 hr per culture index 
I 2x10° DBA/2d 30 .6 1.00 

" + 107° M dbcGMP 25.9 0.85 

n ah Case n 25.8 0.84 

n + 107° u 19.8 0.65 

I 2x10° DBA/2d 121.0 1.00 
n + 107" M dbcGMP 81.9 0.68 

i + 107° i 71.4 0.59 

III 2x10° DBA/2d 43.4 1.00 
" + 10°72 M dbcGMP 657 11-36 


The conditions used for this experiment were similar to those described 
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different activities on T cells from mice of different ages. The 
results are shown in Table 3.10. There is a small increase in 
the capacity of spleen cells to generate cytoxic lymphocytes with 


ai MacbeAMPad athe 


increasing age of the mice. Pulsing with 107 
presence of stimulator cells increased the number of cytotoxic 
lymphocytes in all the cultures, being maximal when the spleen cells 


were obtained from 84 day-old mice. 


D. Discussion 

Agents that increase intracellular cAMP levels (dbcAMP, 
AP, adenosine and butyric acid) can enhance the AFC response of 
mouse spleen cultures to SRBC and POL when added at 107? M during 
the 0 to 12 hr period of the culture. It is not surprising that 
cAMP itself has no demonstrable effect since it is known to have 
a short half-life in medium and does not enter cells readily 
(MacManus et al., 1971b). The enhancing effect of dbcAMP cannot 
be attributed to butyric acid alone since the stimulation obtained 
by dbcAMP is greater than that of butyric acid, and the butyric 
acid residues are unlikely to be quantitatively hydrolysed. 

The lack of direct effects with cGMP and related compounds 
(0-12hr) are unlikely to be due to their instabilities since exo- 
genous cGMP (or imidazole), when added together with dbcAMP, could 
counteract the stimulatory effects of dbcAMP (Table 3.6). Moreover, 
when present from 0-24 hr they stimulated the AFC response to SRBC 
by about two fold (Table 3.6). It is conceivable that the addi- 
tion of cGMP or imidazole to the cultures for up to 24 hr may aid 
antigen-stimulated cells already in the Gl] phase of the cell cycle 


to proceed more readily into S phase since proliferating cells 
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Effects of dbcAMP on the induction of cell-mediated immunity in 
Spleen cell cultures from mice of different ages 


ET eS 


Age Lytic units per culture Stimulation 
(days) Normal? +dbcAMP? index 
ee ee eee es OY ee Cyud be affected | 
40 0.905 2.63 2.91 
84 1.54 Lox 6.82 
280 2.26 9.63 4.26 


415x107 CBA/J spleen cells from mice of the indicated age plus 
2x10° irradiated DBA/2J spleen cells incubated for 5 days. 


4 


BS ame as normal except that i0 ° M dbcAMP was present in the cultures 


for the first 12 hr. 
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have been shown to have a low cAMP to cGMP ratio (Rudland fetza le, 
1974). 

The presence of antigen is obligatory for dbcAMP to exert 
its enhancing effect (Table 3.7). Cyclic AMP itself is therefore 
insufficient to induce an immune response but more likely, it 
constitutes part of the inductive signal. However, it is possible 
that only cells that have been triggered by antigen could be affected 
by dbcAMP. Thus, a more stringent test of the antigen-dependence 
and antigen-specificity of dbcAMP would be to add cells that have 
already been exposed to antigen for the same length of time, i.e. 

12 hr. This experiment will be discussed in detail in Chapter IV, 
but briefly, the data support the conclusion that the dbcAMP effect 
is indeed antigen-dependent and antigen-specific. These findings 
are in contrast to those of Watson et al. (1973) who reported an 
early stimulatory effect of dbcAMP which was not antigen-dependent. 

The above experiments are incompatible with the hypothesis 
that cAMP is a mediator of immune paralysis, or tolerance (Watson 


3M dbcAMP 


et al., 1973). The stimulatory effects of adding 10° 
were also observed by Watson and coworkers; inhibition of the anti- 
SRBC response resulted only if dbcAMP was present for more than 12 
hr. The studies in this Chapter show that the result of adding 

1073 M dbcAMP or AP for up to 24 hr always leads to an increased 
number of AFC. Inhibition during early times resulted only when 

the culture conditions were suboptimal (Table 3.4). The inhibitory 
effects of cAMP on the AFC response to SRBC observed by Bbsing- 


Schneider and Kolb (1973) can also be explained by general cytotoxic 


properties of this agent. 
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Addition of AP or dbcAMP at later times of the culture 
period, however, inhibited the response (Fig. 3.1). This is expected 
since AFC arise as a result of proliferation of antigen-stimulated 
cells and high cAMP levels have antimitotic effects (Burger et al., 
1972), probably as a result of arresting dividing cells at late 
G1 (Coffino et al., 1975). 

DbcAMP also has a positive effect in the induction of 
cell-mediated immunity, and dbcGMP has no effect. DbcAMP is again 
dependent on the presence of stimulator cells (antigen) for enhance- 
ment of the response. Over the age range tested (40 to 280 days) 
the dbcAMP effect on the induction of CMI was not markedly age-depen- 
dent. This is not too surprising since spleen cells from 40 day-old 
mice already yielded a large number of cytotoxic lymphocytes, i.e. 
most of the splenic T cells were functionally mature by this age. 

It would be interesting to examine the effects of dbcAMP on the 
ability of neonatal spleen cells, which may have a higher proportion 
of immature T cells, to generate cytotoxic lymphocytes, since cAMP 
has been implicated in causing the maturation of T cells (Scheid 

et al., 1973). Agents that elevate intracellular cAMP levels were 
also reported to inhibit the cytolytic action of cytotoxic lympho- 
cytes (Strom et al., 1972; Bourne et al., 1974; Wolberg et al., 
1975) whereas agents that enhanced intracellular cGMP level could 
augment this activity (Strom et al., 1972, 1975). 

To summarize, the data presented in this chapter are 
consistent with the following general conclusions: 1) a high 


intracellular level of cAMP during the early stages of the response 


stimulates both humoral and cell-mediated immune induction; 2) agents 
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able to prevent this rise in cAMP level (cGMP, jmidazole, and 
perhaps Con A) reverse the stimulatory effects of dbcAMP; 3) the 
cAMP effect is antigen-dependent and antigen-specific; and 4) a 
high cAMP level at later times (24 hr or later) inhibits the immune 
response. It is therefore proposed that a rise in cAMP level 
constitutes part of the inductive signal for immune induction, the 
rest of the signal being provided by antigen in an as yet undeter- 
mined manner. The type of cell (B, T, macrophage) in which this 
phenomenon operates is the subject of the next chapter. However, 
the cAMP level should subsequently fall to a level consistent with 
that required for cell cycling. The studies of Plescia et al. 
(1975) and Yamamoto and Webb (1975) would support such an hypothesis, 
Since they reported that intravenous injection of SRBC into mice 
could cause transient increase in overall splenic cAMP levels. 
Obviously, the 2 to 4 fold enhancement seen in their work could not 
be due specifically to antigen-stimulated B cells, since these 
constitute less than 0.01% of the spleen cell population. More 
likely, the cAMP accumulation was due to a general stimulation of 


the adenyl cyclase of spleen cells by an unknown mechanism. 
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CHAPTER IV 
THE CELLULAR BASIS OF CYCLIC AMP ACTION IN HUMORAL IMMUNITY 
eT RUIN UU EMU TY 


A. Introduction 


In Chapter III it was demonstrated that high cAMP levels 
during the inductive phase of a humoral response lead to increased 
numbers of AFC. Since the induction of an AFC response to SRBC, 

a TD antigen, requires the participation of a B cell, aT helper 

cell and a macrophage (p.13) the enhancement by cAMP of humoral 
immunity could theoretically result from one or more of the 
following: 1) direct stimulation of B cells by cAMP; 2) stimulation 
of T cell helper activities; 3) blocking of T cell regulatory 
activity ("suppressor" function); or 4) enhancement of macrophage 
function. These possibilities will be examined in this chapter. 
DbcAMP will also be used to investigate the cellular interactions 
underlying the AFC response to POL, a TI antigen. 

The effects of cAMP on the cell types involved in HI 
are not well characterized. The few reports related to this subject 
indicate that in the presence of high cAMP levels, T and B cells 
have a very short half-life; i.e. a high intracellular cAMP level 
is cytotoxic for these mE (Watson et al., 1973). Other studies 
showed that the injection of poly A:U or dbcAMP can restore the res- 
ponse of neonatally thymectomized mice to SRBC (Cone and Johnson, 
1971; Uzunova and Hanna, 1973). Poly A:U can also enhance the 


rate of allogeneic skin graft rejection in neonatally thymectomized 
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mice (Cone and Johnson, 1971). These studies taken together imply 
that poly A:U or dbcAMP can stimulate the residual T cell activity 
in neonatally thymectomized mice, or that they can cause the 
maturation of T cell precursors into functional T cells. Support 
for the latter possibility came from the observation of Scheid 

et al. (1973), where they reported that poly A:U, dbcAMP, or AP 
can cause the maturation of T cell precursors into functional T 
cells. The function of peritoneal exudate cells (having A cell 
activity) has also been reported to be augmented by poly A:U 
(Johnson and Johnson, 1971). 

The studies in this chapter are cOnsistent with the 
following conclusions: 1) dbcAMP does not increase the number of 
AFC by a direct B cell effect; 2) there is little evidence that 
dbcAMP directly stimulates T helper activity; 3) dbcAMP inhibits 
the function of macrophages; and 4) dbcAMP inhibits the function 
of a regulator (or suppressor) cell which is @ positive and 


radiosensitive. 


B. Methods 

T cell-depleted mice (ATXBM). These mice were a gift 
from Dr. Chiaki Shiozawa. The mice were thymectomized at four weeks 
of age (Miller, 1960). Two weeks later they were lethally irradia- 
ted with 950 rads from asics Source,and each mouse was reconstituted 
intravenously with 2x10° syngeneic bone marrow cells the same day. 
The spleens of these mice were used for tissue culture 10 weeks 


after bone marrow reconstitution. 
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Anti-8 serum. The Sete was a gift from Dr. Kwok-Choy 
Lee. AKR/J mice were each immunized with 10 weekly intraperitoneal 
injections of 108 CBA/J thymocytes. The first injection was 
accompanied by 10° killed Bordetella pertussis organisms. Mice 
were bled from the retro-orbital plexus after the seventh week and 
finally by heart puncture after the tenth week. 

Anti-9 treatment. Spleen cells were incubated with the 
right dilution of anti-@ serum in medium at 2x10! cells per ml for 
40 min at 37°. The cells were washed once and reincubated with 
agarose-absorbed guinea pig complement (Cohen and Schlesinger, 
1970) diluted 6 times in medium for 40 min at 37°. The cells were 
washed 3 times before use. About 30% specific lysis of normal 
spleen cells was achieved using this method. 

SRBC-primed spleen cells. Normal mice, immunized by one 
intravenous injection of 0.2 ml of an 0.01% v/v suspension of SRBC 
6 to 8 days before, were irradiated with 1000 rads just before 
their spleens were removed. The spleen cells were used as a source 
of primed T cells specific for SRBC. Spleen cells so prepared have 
been shown to be able to cooperate with B cells in the stimulation 
of a response to SRBC but are unable by themselves to proliferate 


into AFC (Kettman and Dutton, 1971). 


G. St Reésutits 


The AFC response to SRBC at different cell densities 


Normal unprimed spleen cells were incubated with SRBC 


3 


in the presence or absence of 10°” M dbcAMP for 12 hr as described 


in Chapter III. This preincubation was performed in the absence 
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of 2-mercaptoethanol (2-Me). At the end of 12 hr the cells were 
recultured in the Mishell-Dutton system with each culture contain- 
ing the equivalent of either 5x10° or 1x107 vaible spleen cells at 
OQ hr in the presence or absence of Exons M 2-Me. As indicated in 
Fig. 4.1, the anti-SRBC responses of both normal and dbcAMP treated 
cultures at low cell density (5x10° cells per culture) are markedly 
dependent on the presence of 2-Me. Thus, it is clear that at low 
cell numbers, a cell type is present in Suboptimal numbers and 

it could be compensated for by 2-Me. Since 2-Me was shown to be 
able to repiace adherent cell function (Chen and Hirsch, 1972), 

this limiting cell type is likely to be a macrophage. It should 

be noted that whereas 2-Me increases the response of normal cultures 
9.6 fold, it enhances the response of dbcAMP treated cultures 

82 fold (compare columns 1 and 3, 2 and 4, in Fig. 4.1). Looked 

at another way, dbcAMP actually inhibits the response when macrophage 
function (no 2-Me) is limiting. 

On the other hand, when the cells were cultured at high 
cell density (1x107 cells per culture) the normal cells or dbcAMP 
treated cells were less dependent on 2-Me in Supporting a response 
to SRBC (Fig. 4.1). 2-Me only enhanced the normal response by 
1.4 fold and the dbcAMP treated response by 1.7 fold. In these 
cases macrophages are present in sufficiently high numbers to Support 
a good anti-SRBC response even in the absence of 2-Me. The anti- 
SRBC responses were normalized by expressing the results as PFC per 
10° cells cultured. It is clear that under optimal conditions 
(i.e. with 2-Me) the maximal response per 10° cells cultured is 


similar at both low and high cell densities. The data are consistent 
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Fig. 4.1. The requirement for 2-Me at low cell density for an 
anti-SRBC response. CBA/J spleen cells were first incubated wi th 
0.02% v/v SRBC a On M dbcAMP in the absence of 2-Me. At 12 hr, 
the cells were washed three times with medium and recultured 

in quadruplicate in the Mishell-Dutton system at 5x10° or 1x10/ 
cells per culture in the presence or absence of 5x107° M 2-Me. 

All cultures were assayed for AFC to SRBC at 108 hr. Unshaded 
columns, control cells; shaded columns, cells treated with 10°? M 


dbcAMP for 12 hr first. 
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with the conclusion that a critical number of macrophages per 
culture is necessary, that dbcAMP may inhibit macrophages, and that 
its stimulatory effect is due to actions on other cell types. 

In the presence of 2-Me the response of normal or dbcAMP 
treated cultures was linear with cell density in the 0.3 to 3x10° 
cells per culture range, and tapered off at higher cell densities 


(Eiq-e4.2). 


The effect of dbcAMP on the AFC response to POL at different antigen 


concentrations 

POL was shown to be a TI antigen in CBA/H mice (Feldmann 
and Basten, 1971). Also its concentration can be easily varied 
Since it is a soluble antigen. These properties of POL make it a 
useful antigen to study B cell activation. If cAMP has a B cell 
effect, it might be expected to lower the antigen concentration needed 
for optimal antibody response to POL. The ability of dbcAMP to 
influence the anti-POL AFC response at different antigen concentra- 
tions was therefore investigated. CBA/J spleen cells were incubated 
with various concentrations of POL for the first 12 hr in the presence 
of dbcAMP. At 12 hr the cells were extensively washed to remove 
dbcAMP and unbound POL and recultured in the Diener-Armstrong system. 
The cultures were pean at 108 hr. The results are shown in 
Fig. 4.3. Pretreatment with dbcAMP did not lead to lower antigen 
requirements; i.e. there is no shift in the dose-response curve. 
The stimulation by dbcAMP was highest at high antigen concentration 
(107! ug and 1 ug/ml) and only a small stimulatory effect was observed 


at low antigen concentrations (107" to 107° ug/ml). These results 
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Fig. 4.2. The AFC response to SRBC at different cell densities. 

The spleen cells were pulsed with 1072 M dbcAMP and 0.02% v/v SRBC 
as previously described. The cells were then recultured in the 
Mishel1l-Dutton system in quadruplicate at the indicated cell density 
(expressed as the number of viable cells at zero time). BXIOG. M 
2-Me was present throughout the 108 hr culture period. (0), control 


cells; (A ), cells treated with 107? M dbcAMP for 12 hr first. 
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Fig. 4.3. The effect of dbcAMP on the AFC response to POL at 
different antigen concentrations. Spleen cells were incubated 
with various concentrations of POL with or without 104. M dbcAMP 
for 12 hr in Petri dishes. At 12 hr, the cells were extensively 
washed (four times in 10 ml of medium) to remove unbound POL 

and dbcAMP. The cells were then recultured in quadruplicate in 
the Diener-Armstrong system without any further addition of POL. 
The cultures were assayed for AFC to POL at 108 hr. (0), Cells 
+ POL; (A), Cells + POL + 1072 M dbcAMP. 
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Suggest that cAMP has no direct B cell effect. However, as will 
be shown in later sections, cAMP can regulate the response to POL, 


a TI antigen, by exerting effects on T cells. 


The effect of dbcAMP on ATXBM spleen cells 
There have been reports to indicate that dbcAMP (Uzunova 
and Hanna, 1972) or poly A:U (Cone and Johnson, 1971) can partially 


replace T cells under in vivo conditions. In cultures depleted of 





T cells, dbcAMP can be examined for its ability to replace T cell 
function. Further, if dbcAMP has a B cell effect, it would be 
expected to stimulate the AFC response to POL, a TI antigen, under 
conditions of T cell depletion. The effects of dbcAMP on the AFC 
responses of CBA/J ATXBM (T cell-deprived) cultures to SRBC (a TD 
antigen) and POL were therefore investigated. The results are 
shown in Table 4.1. In non-dbcAMP treated cultures, the response 
of ATXBM spleen cells to SRBC was 29% of normal. This anti-SRBC 
response in ATXBM cultures is probably due to incomplete T cell 
depletion. With dbcAMP pretreatment, normal and ATXBM anti-SRBC 
responses were increased 2 fold and 3.4 fold respectively. 

Similar effects of dbcAMP were also observed for CBA/CaJ ATXBM 
cultures (data not shown). DbcAMP therefore appeared to replace T 
cell function since it enhanced the anti-SRBC response in ATXBM 
cultures to normal levels. However, it is not clear from this 
experiment if dbcAMP exerted its effects on ATXBM B cells through 
the residual T cell population (or T cell precursors), or affected 
the B cells directly. 


Before dbcAMP pretreatment the anti-POL response of 
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Table 4.1 
The effect of dbcAMP on the AFC responses of CBA/J ATXBM spleen cells 
| to SRBC and POL 
AFC/culture to SRBC AFC/culture to POL 
Additives at (mean + SEM) (mean + SEM) 
0-12 hr Normal ATXBM Norma] ATXBM 


okoGy = POL Polen Oem e408 te Om 13500 | 10) 165 te 72 


SRBC + POL + dbcAMP S07 Fete Ole L530 tel Lee ot eta 543.8) CO0st 101 





Normal or ATXBM spleen cells were incubated with 0.02% v/v SRBC and 


10 ng POL/m1 + 107° 


M dbcAMP for 12 hr in Petri dishes. The cells were 
washed three times in medium and recultured with antigen in the 
Mishel1-Dutton culture system in quadruplicate. 2-Me was present 


throughout the experiment. Al] cultures were assayed at 108 hr. 
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ATXBM cultures was 64% of normal (Table 4.1). This suggested that 
the POL response in CBA/J is relatively independent of T cells. 
After dbcAMP treatment, the anti-POL response in normal and ATXBM 
cultures were enhanced by 2.8 fold and 2.1 fold respectively. This 
stimulation of the anti-POL response by dbcAMP was also observed 
in CBA/CaJ ATXBM cultures (data not shown). Since POL is a TI 
antigen, and cAMP could stimulate the response under conditions 

of T cell depletion the data suggest that cAMP affects B cells. 
But, as will be snown in the next experiment, cAMP has no direct 

B cell effect. Conclusions drawn from studies done in ATXBM 
cultures can be misleading because such cultures contain residual 
T cells or precursor T cells that can be readily activated 


(Scheid et al., 1973). 


Mediation of cAMP actions by T cells 


A more stringent procedure for T cell depletion involves 
the treatment of normal spleen cells with anti-9 serum and comple- 
ment. CBA/J spleen cells were treated either with guinea pig 
complement alone (control) or with anti-8 serum and guinea pig 
complement as described in the Methods section. The effect of 
dbcAMP on the ability of control or anti-9 treated cells to respond 
to SRBC (a TD antigen) and POL (a TI antigen) was then examined. 
The results are shown in Table 4.2. It is clear from the data 
that dbcAMP can stimulate the AFC response to both SRBC and POL in 
cells treated with complement alone (2.1 fold and 2.6 fold, respec- 
tively). Cells treated with anti-®8 serum plus complement lost 


their ability to respond to SRBC, as expected for a TD antigen. 
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Table 4.2 


The effect of dbcAMP on the AFC responses of anti-9 treated CBA/J 


spleen cells to SRBC and POL 


Te ee ea ea a Se a 


AFC/culture to SRBC AFC/culture to POL 
Additives at (mean + SEM) (mean + SEM) 
Gai2cn Normal? Ant i-0? Norma1@ Anti-0° 


ee ncn ee ee ee ty, 
SRBC + POL 650 sba7.2 on ae 1 3000 + 141 8830 + 648 


SRBC + POL + dbcAMP 1375 +180 68 + 29 7880 + 1112 8030 + 621 


ST re pe a ee re 1 ee 


"Cells treated with complement only. 


Dells treated with anti-® serum and complement. 


The concentrations of the materials used were: SRBGS CL02ZV/ Vv; 


POL, 10 ng/ml; and dbcAMP, 10° 


7 


M. Each culture contained the 


5 


equivalent of 1x10’ viable spleen cells at 0 hr. 5x10"? M 2-Me 


was present throughout the 108 hr culture period. 
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Futhermore, dbcAMP could not restore the anti-SRBC response. The 
response to the TI antigen, POL, was stimulated by dbcAMP only 
with the control cells; T cell depletion led to a dbcAMP-insensitive 
State. Moreover, these T cell-depleted cultures gave as high a 
response as control cultures treated with dbcAMP. It is concluded 
that 1) dbcAMP cannot substitute for T cell function or cause the 
maturation of T cell precursors into functional T cells under these 
conditions, and 2) dbcAMP has no demonstrable, direct B cell effect 
in this system. 

More surprisingly, anti-98 treatment alone enhanced the anti- 
POL response of the treated cells by 2.9 fold. This enhancement was 
the same as occurred after treatment of control cells with dbcAMP. 
In other words, removal of 8-bearing (T) cells allows a greater res- 
ponse to a TI antigen, and increasing the intracellular cAMP level 
in antigen-sensitive T cells of normal spleen cultures does the 
Same. The data which follow further support the hypothesis that 
the dbcAMP effect is exerted on a class of antigen-specific 


regulator (or "suppressor") cells. 


Cell-mixing experiments 
In Chapter III it was shown that the dbcAMP effect was 


apparently antigen-dependent and antigen-specific. A more rigorous 
test system would be to mix, at the end of 12 hr, cells which 

have had various treatments. In this system, all cells would be 
at a comparable stage of immune induction when mixed and thus able 
to benefit from any stimulatory events, which may be transient. 


Such experiments are described below. These data confirm the 
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earlier conclusion of antigen-specificity and antigen-dependence, 
but more importantly, clearly demonstrate that the action of 
dbcAMP is on a regulator, or suppressor cell. 

Six groups of cells were set up and cultured during the 
O° to-127hr seen aS FO JOWS-es) Cells + °SRBG: 92) Cells) + SRBC + 
dbcAMP; 3) Cells + POL; 4) Cells + POL + dbcAMP; 5) Cells alone; 
6) Cells + dbcAMP. It was first necessary to establish that under 
these conditions the response was directly proportional to the 
cell number. That this was the case is shown in Table 4.3. Increa- 
Sing the cell number from 3x10° to 6x10° cells per culture increased 
the response of normal and dbcAMP treated cultures to SRBC and POL 
by about two fold. At 12 hr the cells were mixed as indicated in 
Table 4.4. It is clear from the data that in the case of the AFC 
response to POL, the dbcAMP effect is both antigen-dependent and 
antigen-specific. In other words, the anti-POL response of cells 
treated with PCL was enhanced only when cells that were treated 
with both POL and dbcAMP were added to it (line 1 versus line ayes 
The anti-POL response was not enhanced when cells treated either 
with SRBC or no antigen in the presence of dbcAMP were added to 
it (line 1 versus lines 4, 6). 

However, the AFC response to SRBC shows a different 
pattern. The response of cells treated with SRBC only can be 
enhanced by pretreatment of cells in the following order: 

POL + dbcAMP > SRBC + dbcAMP> dbcAMP alone. Thus, the dbcAMP 
effect appears not to be antigen-specific nor antigen-dependent 
in this case. Since fetal calf serum in the medium has antigens 


which cross-react with SRBC (Mishell and Dutton, 1967), the 
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Table 4.3 


The AFC response to SRBC or POL is linear with cell density in the 


3x10° to 6x10° cells per culture range 


a 


Anti-SRBC Anti-POL 
No. of cells Additives at PFC/culture AFC/culture 
per culture 0-12 hr (mean + SEM) (mean + SEM) 


3x10 SRBC 610 + 52 nid. 
6x10° SRBC 1260 + 106 " 
3x10° SRBC + dbcAMP 2270 + 189 " 
6x10° SRBC + dbcAMP 4515 + 394 " 
3x10° POL nid. 1062 + 134 
6x10° POL " 2230 + 243 
3x10° POL + dbcAMP " 2795 + 120 
6x10° POL + dbcAMP " 4465 + 305 


ee ee ee PR 
The spleen cells were incubated with 0.02% v/v SRBC or 100 ng POL/ml 


a M dbcAMP for 12 hr in Petri dishes. After removal of dbcAMP , 


ey 
the cells were recultured with the appropriate antigen in the Mishell- 
Dutton system in quadruplicate. 2-Me was present throughout the 108 hr 


culture period. 
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Table 4.4 


The effect of dbcAMP treated cells on the AFC response of 
non-dbcAMP treated cells 


-————O 


Anti-POL Anti-SRBC 
Cell groups mixed at 12 hr AFC/culture PFC/culture 
3x10° 3x10° (mean + SEM) (mean + SEM) 


ee ee 


POL? a 986 + 104 n.d. 
: POL + dbcAMP? 3422 + 83 " 
: SRBCS 1073 + 54 : 
" SRBC + dbcAMP? «1160 + 106 " 
" Ke 1013 + 455 f 
" Cells + dbcAMP’ 1013 + 104 " 
SRBC® j n.d. 610 + 52 
" SRBC + dbcAMP4 " 2025 + 74 
y POL® y 1180 + 176 
r POL + dbcAmp? " 2525 + 116 
¢ Cells® : 1185 + 119 
" Cells + dbcAMP’ " 1585 + 291 


S:cdi n ROUEN el 2 an Rl | SCE AE SOE PE OE xe ae 
Spleen cells were incubated during the first 12 hr as follows: 


8cells + 100 ng POL/m1; PCells + 100ng POL/m1 + 107° M dbcAMP; 
“Cells + 0.02% v/v SRBC; “Cells + 0.02% v/v SRBC + 1072 M dbcAMP; ~ 
Cells + medium; — ‘cells + medium + 107° M dbcAMP. 

At the end of 12 hr the cell groups were washed, mixed, and, in the 
case of POL, the antigen was added. They were further cultured in 
quadruplicate in the Mishell-Dutton system. 5x10" M 2-Me_ was 
present throughout the 198 hr culture period. 
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carryover of the dbcAMP effect from cells treated with medium alone 
is perhaps not too surprising. The greater enhancing effect of 

cells that have been treated with POL and dbcAMP, furthermore, 

could be explained by the potential mitogenic properties of POL 
(Coutinho and Méller, 1973). In summary, then, antigen specificity 
and dependence under these conditions is seen for the POL response, 
but not the SRBC response. Under the experimental conditions used 

in Chapter III, both responses showed Specificity for, and dependence 
On, antigen. 

An unexpected result of the cell-mixing studies was that 
the enhanced response of cells treated with dbcAMP and antigen was 
Suppressed by normal cells. The cells were mixed in the manner 
indicated in Table 4.5. The contribution by each partner (data not 
shown) was measured separately so that the responses expected on 
the basis of simple additivity, and those observed, could be compared. 
The results show that the elevated response of cells treated with 
both dbcAMP and POL can be suppressed by cells which have been incu- 
bated with SRBC + dbcAMP, no antigen + dbcAMP or POL alone. The 
enhanced response of cells treated with dbcAMP and SRBC can also be 
Suppressed in a similar manner with the exception that cells treated 
with POL + dbcAMP not only did not suppress but gave an enhancement 
of the anti-SRBC response, as already noted. The data also rule 
out the possibility that dbcAMP acts solely by stimulating a T helper 
cell function since we would then not expect any suppression of the 
response by untreated cells. The general conclusion is that regula- 
tory, or suppressor cells are normally present in spleen cell 


populations. The function of these cells can be inhibited by 
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Table 4.5 


The inhibition of the dbcAMP stimulated AFC responses by cells 


SS SSS SS a a a a ee ees 


Anti-POL Anti-SRBC 
Cell groups mixed at 12 hr AFC/culture PFC/culture % Of 
3x10° 3x10° (mean + SEM) (mean + SEM) expected? 


SN EE EE eee eee 


POL-+dbcAMP : e233 7 530" n.d (100) 
n ted POL 3422 + 225 " 81 
" SRBC 2100 + 265 " 49 
" SRBC+dbcAMP —-2233 + 270 " 53 
a Cells 3046 + 296 " 78 
" CellstdbcAMP 2620 + 338 " 64 

SRBC+dbcAMP zl n.d. 2270 + 189° (100) 
" SRBC " 2025 + 74 70 
" POL " 1190 + 102 45 
" POL+dbcAMP " 3765 + 560 131 
fn Cells " 1075 + 21 39 
" Cells+dbcAMP " 1935 + 265 63 


Refers to the response expected if the unmixed groups treated 


identically (data not shown) contributed in simple additive fashion. 
Prhe AFC response to 3x10° cells treated with POL only was 986 + 104. 
“The PFC response to 3x10° cells treated with SRBC only was 610 + 52. 
The conditions used for this experiment were similar to those 
described for Table 4.4. 
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pretreating the cells with antigen and dbcAMP for 12 hr. POL can 
also non-specifically inhibit the function of suppressor cells to 
SRBC in the presence of dbcAMP and fetal calf serum (cross-reactive 
antigen?). 

It was predicted that if the regulator cell specific for 
SRBC carried the 9 antigen, then the addition of anti-9 treated cells 
would not suppress the enhanced response of dbcAMP treated cultures. 
Furthermore, the radiosensitivity of the regulator cell could be 
determined by gamma-irradiating the cells. The effects of normal, 
anti-6 treated or gamma-irradiated (1500 rads in vitro) cells on 
the response of dbcAMP treated or normal cultures to SRBC were 
therefore investigated. The results are shown in Fig. 4.4. The 
two clear conclusions from this experiment are that treatment 
with anti-9 serum relieves a regulatory activity of normal cells, 
and that irradiated cells have essentially no inhibitory effect 
on the dbcAMP enhancement of the SRBC response. Thus, addition 
of 4x10° complement-treated cells to 2x10° dbcAMP-treated cells 
leads to a respoonse 56% as high as that seen when anti-9 plus 
complement treated cells were added. Irradiated cells, which are 
unable to proliferate and thereby add to the response (see the lower 
set of curves) do not inhibit the dbcAMP effect significantly. 

The data in Fig. 4.4 at first appear to contradict in 
part those of Table 4.5. However, both experiments were reproducible. 
What is the basis for the apparently contradictory results: namely 
that in Table 4.5, addition of 3x10° cells at 12 hr inhibited the 
response of dbcAMP plus SRBC-treated cultures, whereas in Fig 4.4, 


4x10° normal cells did not inhibit 2x10° dbcAMP treated cells? 
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PFC/culture (x10°?) 
oo S o 


> 


oO 


0 ] 2 3 4 
No. of cells added (x10~°) 


Fig. 4.4. Effect of normal, anti-9 treated or irradiated spleen 
cells on the anti-SRBC response of spleen cells stimulated by 

SRBC in the presence or absence of dbcAMP for 12 hr. Spleen cells 
were incubated with 0.02% v/v SRBC + 10> M dbcAMP for 12 hr in 
Petri dishes. The cells were washed at 12 hr to remove dbcAMP 

and recultured with various numbers of complement treated, anti-9 
treated or irradiated cells in triplicate in the Mishell-Dutton 
system. 2-Me was present throughout. All cultures were assayed 
deal Counce (ao. )4 2x10° COliSmr ShBGs a (aou)s 2x10° cells + SRBC 
+ dbcAMP; (4 ), complement treated cells; ( @), anti-9 and 
complement treated cells; (0), irradiated cells. Anti-® treated 
or irradiated cells stimulated with SRBC gave less than 50 PFC/10’ 
cells whereas complement treated cells gave 650 PFC/107 cells. 
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Probably, that in the former case, the cells had been cultured for 
12 hr with FCS present, and, as already stated, FCS contains cross- 
reactive antigens for SRBC. In Fig. 4.4, the untreated cells added 
at 12 hr were not "precultured". Thus, only in the experiments of 
Table 4.5 were the "normal" (suppressor containing) cells exposed 
to potential antigen. To explain the apparent contradiction, then, it 
is postulated that the antigen-specific suppressors are activated by 
antigen. Since the regulator (or suppressive) activity is radiation- 
sensitive, this is reasonable. It is also possible that complement 
may interfere with the regulatory activity. 

The T-depleted cells in Fig. 4.4 appear to contribute to 
the response when added to dbcAMP-pretreated cells, but only to a 
limited degree. This may reflect the carryover of dbcAMP effect 
to subsequently added B cells, as expected if the dbcAMP effect 


is mediated by cells. 


The enhancement of the AFC response to SRBC by SRBC-primed cells 


The data described suggest that the magnitude of the immune 
response is regulated by the ratio of regulator to helper T cells. 
If normal cells have a greater number of regulator cells than those 
treated with dbcAMP, one would predict that the former would require 
a greater number of T helper cells to obtain a maximal AFC response. 
That this was the case is shown in Fig. 4.5. DbcAMP treated cultures 
require less T helper cells than normal cultures to achieve the | 
maximum response. Futhermore, both dbcAMP treated and normal cultures 
reached the same maximum response at a sufficiently high T helper 


cell dose. This maximum value may reflect the conversion of all 
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Fig. 4.5. The effect of irradiated-SRBC primed cells on the anti-SRBC 
response of normal or dbcAMP treated cells. The indicated number of 
irradiated SRBC-primed cells were added to normal or dbcAMP treated 
cells at 12 hr and allowed to remain until 108 hr, when all the 
cultures were assayed for AFC to SRBC. Each experimental group was 
done in quadruplicate in the Mishell-Dutton system in the presence 
of 5x10° M 2-Me. (©), 3x10° cells + 0.02% v/v SRBC; (4), 3x10 
cells + 0.02% v/v SRBC + 1072 M dbcAMP. 
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potential AFC to antibody synthesis, as will be discussed in 


Chapter V. 


D. Discussion 

The studies in this chapter show that dbcAMP can enhance 
the AFC response to either SRBC or POL through the inhibition of an 
antigen-stimulated, 8-bearing regulator (suppressor) cell. 
Irradiating normal spleen cells prior to antigenic stimulation 
abolished their suppressive activity. Dutton (1972) has reported 
the existence of short-lived, radiation-sensitive suppressor 
cells, which can be stimulated by Con A. Furthermore, irradiated 
spleen cells are a source of T helper cells when stimulated by 
Con A (Scavulli and Dutton, 1975). DbcAMP, histamine, prostaglandin 
E and cholera endotoxin prevented the antigen-induced suppression 
of the antibody response to (T,G)-A--L (Mozes et al., 1974). The 
prevention of suppression in the present work, therefore, may be 
due to inhibition of antigen-stimulated regulator or suppressor 
cells by high intracellular levels of cAMP. This conclusion is 
Strengthened by the observation that a splenic subpopulation bearing 
surface receptors for histamine can suppress humoral responses 
(Shearer et al., 1972). The AFC response to another TI antigen, 
SIII, is also regulated by T suppressor cells (Baker et al., 1974). 


In vivo treatment of mice with anti-lymphocyte or anti-thymocyte 


serum increased the AFC response to SIII by 15 to 20 fold. The 





ability of the anti-lymphocyte serum to induce enhancement was 
removed by absorption with thymocytes. 


DbcAMP may inhibit the antigen-stimulated T regulator 
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cel eithersby *-) "kiting thetcelll, | *2) Suppressing its proliferation, 
or 3) preventing it from releasing soluble suppressive factors. 

The data do not allow us to distinguish between these possibilities. 
However, it is well known that cAMP can suppress T cell proliferative 
responses (Smith et al., 1971b; Greaves et al., 1974). Also there 
are many reports that cAMP can suppress the functions of effector 
cells. Examples are 1) the inhibition of the cytolytic activity 


of lymphocytes (Henney et al., 1972; Strom et al., 1972; Wolberg 


et al., 1975), 2) the inhibition of the formation of plaques by 
AFC (Melmon et al., 1974) and 3) the release of histamine from 
antigen-stimulated leukocytes (Bourne et al., 1974). 

In Chapter III it was observed that cGMP, imidazole, or 
Con A could reverse the stimulation by dbcAMP (Table 3.6). In light 
of the present findings, it is possible that these compounds could 
act by reversing the inhibition of the T regulator cell by dbcAMP. 
The reversal of cAMP-mediated suppression by cGMP has been observed 
in lymphocytes (Watson et al., 1973) and other systems (Kram and 
Tomkins, 1973; Goldberg et al., 1975). 

The greater stimulation of the anti-POL response in normal 
cultures at optimal antigen concentrations (Fig. 4.3) can also be 
explained on the basis of T regulator cells. At low antigen concen- 
trations only high affinity cells are stimulated. The expression 
(i.e. antibody secretion) of these high affinity cells may be less 
strongly regulated by T cells. When a higher concentration is used, 
low affinity as well as high affinity cells for POL will be stimu- 
lated. The expression of the low affinity cells may be more suscep- 


tible to regulation by T cells. Hence, inhibition of the function 
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of these regulator cells by dbcAMP is expected to cause a relatively 
greater expression of the low affinity cells. 

Enhancement of the anti-POL response following anti-9 

treatment was not observed by Feldmann and Basten (T9711) the 
data from ATXBM cells (Table 4.1) showed that the incomplete 
removal of T cells would not lead to an elevated POL response. 
However, since the ATXBM spleen cells used by Feldmann and Basten 
were obtained from animals drained of thoracic duct lymphocytes and 
anti-98 treated before use, it is unlikely that residual T cells could 
have accounted for the lack of stimulation of the POL response. 
Thus, a more likely explanation for the different results of their 
experiments and the present work is: 1) different culture systems 
were used (Marbrook versus Mishell-Dutton); and/or 2) the presence 
of 2-Me in the present experiments. 

Poly A:U was reported to enhance the function of peritoneal 
exudate cells (Johnson and Johnson, 1971). On the other hand, the 
data presented here support the conclusion that dbcAMP inhibits the 
function of macrophages. The difference between these two observa- 
tions could be because: 1) poly A:U does not act via cAMP and/or 
2) splenic macrophages are more sensitive than peritoneal exudate 


cells to inhibition by cAMP. 
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CHAPTER V 
THE REGULATION OF THE ANTIBODY RESPONSE BY T CELLS 


A. Introduction 


A characteristic feature of the immune response is the 
clonal proliferation of antigen-specific B cells into AFC. That 
cell replication is required for the induction and propagation of 
a primary response is well established (Dutton and Mishell, 1967; 
Rowley et al., 1968; Tannenberg and Malaviya, 1968; Szenberg 
and Cunningham, 1968; Perkins et al., 1969; Nakamura et al., 
1972). Antigen-induced proliferation begins about 12 to 24 hr after 
antigenic stimulation (Dutton and Mishel], 1967; Perkins et al., 
1969). PFC to SRBC can be detected as early as 24 hr after anti- 
genic stimulation in vivo (Perkins et al., 1969). Single cell 
Studies show that cells that are actively secreting antibody can 
undergo further cell division to produce two daughter AFC 
(Claflin and Smithies, 1967) and that the daughter AFC exhibit 
functional symmetry as judged by plaque morphology (Nossal and 
Lewis, 1971). | 

The doubling time for AFC in vivo ducing the exponential 
phase has been reported to be from 5 to 8 hr (Claflin and Smithies, 
1967; Rowley et al., 1968; Tannenberg and Malaviya, 1968; 


Perkins et al., 1969). However, while all workers agree that AFC 


production requires proliferation, there is a disagreement as to 


whether the doubling time for AFC corresponds to the cell cycle 
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time. Using a double labelling technique Tannenberg and Malaviya 
(1968) found that the cel] cycle time of AFC was considerably 

longer than the observed doubling time for PFC. The estimated cel] 
cycle time was 13 hr {S phase = 8 hr; Gl-= 3 hr; and G2 = 2 hr). 

A cell cycle time of about 14 hr was also found for lymphocytes 
Stimulated by PHA or allogeneic cells by following the DNA synthetic 
activity of hydroxyurea-synchronized cultures (Lohrmann et al., 
1974). On the other hand, Rowley et al. (1968) reported that the 
cell cycle time of AFC was determined by the strength of the anti- 
genic stimulation. Thus, a high antigen level Dlus adjuvant could 
produce a cell cycle time as short as 5.6 hr whereas a weak antigen 
dose led to a value of 8.7 hr. These data were obtained from 
colchicine arrested cells and two of the assumptions used for the 
calculation of the cell cycle time were that 1) secretion of 
antibody by cells in interphase is not affected by colchicine, and 
2) all AFC in mitosis, whether arrested in metaphase or not, do 

not form observable plaques. Since these assumptions remain to 

be proven, the weight of evidence still favours a cel] cycle 

time of 13 to 14 hr for AFC. 


A detailed kinetic analysis of the number of AFC in vivo 





Showed that they increased in a "staircase" manner and not smoothly, 
as commonly thought (Perkins et al., 1969). These observations 
indicated that there was a considerable degree of synchronous 

growth during the course of the proliferation of progenitors of 

AFC or of their progeny. The number of AFC increased by an average 
of 3 fold and up to 6 fold per "Staircase". The data suggested 


that the antigen-stimulated B cell population includes both secreting 
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and non-secreting, antigen-reactive cells, with both populations 
proliferating. The recruitment of non-secreting into secreting 
cells then adds to the increase in AFC. This recruitment, or 
conversion, accounts for a doubling time of AFC shorter than the 
actual cell cycle time. The concept of conversion of nonantibody- 
Secreting to antibody-secreting cells has gained more direct 
experimental support from the work of Schimp] and Wecker (1972). 
They observed that AFC precursors to a TD antigen could proliferate 
following antigenic stimulation even in the absence of T cells. 
These cells were incapable of secreting antibody but they could 

be converted into antibody-secreting cells by the addition of a 

T cell factor at later times of the culture. These observations 
were confirmed by Dutton (1975). 

In Chapter IV it was shown that dbcAMP increased the 
number of AFC to TD and TI antigens by inhibiting the function of 
a T regulator (suppressor) cell. Theoretically, the increase in 
the number of AFC in dbcAMP treated cultures could be due to 
1) a more rapid proliferation of the AFC, 2) a greater degree of 
conversion of nonantibody-secreting cells to AFC, or 3) an 
increase in the number of cells responding initially to the 


antigen (i.e. increasing the number of "immunocompetent units"). 
P ‘ 


B. Results 
Kinetics of AFC formation 

The increased number of AFC observed in dbcAMP treated 
cultures could arise from more rapid proliferation of the AFC 


precursors. Therefore, the number of AFC to SRBC was assayed at 
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daily intervals to determine the rate of- appearance of AFC in normal 
or dbcAMP treated cultures. The results are shown in Pi Gia Sells a 
normal cultures the increase in the number of AFC was exponential 
in the 36 to 84 hr period. The number of AFC remained almost con- 
stant during the 84 to 132 hr period. On the other hand, dbcAMP 
(or AP) treated cultures had fewer AFC at early times but the number 
increased exponentially from 36 to 84 hr and continue to increase 
until 108 hr before levelling off. The average doubling time for 
AFC in normal cultures was 11 hr whereas in the dbcAMP (or AP) 
treated cultures it was 7 hr. There are two possible interpreta- 
tions of the data. 1) The rate of appearance of AFC is proportional 
to their proliferation rate. If this were the case, then the rate 
of proliferation of AFC in dbcAMP (or AP) treated cultures is 
more rapid than in the controls. 2) There is a greater degree of 
conversion of nonantibody-secreting to secreting cells in treated 
cultures. In this case a difference in the proliferation rates 
between normal or treated cells need not be postulated. A direct 
method for measuring the cell cycle time of AFC in normal or treated 
cultures will be needed to distinguish between these two possibili- 
ties. 

The smaller number of AFC in dbcAMP (or AP) treated cultures 
at early times is open to three interpretations: 1) there was a 
longer lag period for tHe proliferation of AFC in treated cultures; 
2) less T cell helper factors for converting non-secreting to 
secreting cells were produced at early times in treated cultures; 
and 3) there were fewer responding cells in treated cultures at 


early times. These points will be considered in later sections. 
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5x10° 


No. of PFC /culture 





36 60 84 108 132 
Time of collection, hr. 


Fig. 5.1. Kinetics of the anti-SRBC response in cultures stimulated 
with dbcAMP or AP. Spleen cells were exposed to the agents indicated 
for the first 12 hr in Petri dishes. They were then washed and 
recultured in the Diener-Armstrong system in quadruplicate until the 
times indicated. Each culture was adjusted to contain 11x10 viable 
cells at the end of the 12 hr period. The numbers jnparentheses 
indicate the number of viable cells, in millions, per culture at 

132 hr. (©), untreated cells, given the same wash and incubation 
procedures; (A ), cells treated with 1072 M dbcAMP for 12 hr 
first; (4 ), cells treated with 107? M AP for the same period. 
0.01% v/v SRBC was present throughout the culture period, including 
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The kinetics of AFC responses to POL in normal or dbcAMP 
treated cultures (Fig. 5.2) are similar to those for SRBC, The 
doubling time for AFC was 11 hr for control, and 8 hr for dbcAMP 


treated, cultures. 


Inhibition of AFC formation by cytosine-arabinoside 


The dependence on proliferation for the formation of 
AFC to an antigen can be demonstrated by the use of cytosine- 
arabinoside (Ara-C). Ara-C is an effective but reversible inhibitor 
of DNA synthesis (Chu and Fischer, 1962). The minimum concentration 
at which Ara-C could completely suppress AFC formation to SRBC was 
1x107° M (Table 5.1). At this concentration the overall viability 
of the cultured cells was not significantly affected, indicating 
that Ara-C had no general cytotoxic effects. To show that the 
formation of AFC to SRBC was dependent on proliferation, 1x107? M 
Ara-C were added to normal or dbcAMP treated cultures at the times 
indicated in Fig. 5.3 and allowed to remain in the cultures until 
the time of assay, i.e. 108 hr. The results show that the number 
of AFC obtained in normal or dbcAMP treated cultures was essentially 
frozen at the time of addition of Ara-C. The kinetics of the AFC 
response in Ara-C treated cultures was similar to that obtained 
by assaying the cultures at daily intervals (Fig. 5.1). The data 
are consistent with the interpretation that Ara-C stopped the 
proliferation of AFC. The AFC formed prior to the addition of inhi- 
bitor were still actively secreting antibody at the time of assay, 
j.e. 108 hr. The possibility remains that following the addition 


of Ara-C some conversion of nonantibody-secreting to antibody- 
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36 60 84 108 132 
Time of collection (hr) 


Fig. 5.2. Kinetics of the anti-POL response in cultures stimulated 
with dbcAMP. The conditions used were similar to those described 
for Fig. 5.1. with the exception that the antigen used was POL. 

Each flask contained the equivalent of 2x10! viable spleen cells at 
Ohr. (0), cells + 100 ng POL/ml; (A ), cells + 100 ng POL/m1 + 
1072 M dbcAMP for 12 hr first. 
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Table-—5.1 


Inhibition of the AFC response to SRBC by cytosine-arabinoside 


SSS SSS SS a a ee 


Anti-SRBC Anti-POL No. of cells 
Concentration of PFC/culture AFC/culture recovered at 
Ara-C added (mean + SEM) (mean + SEM) 96 hr (x107°) 
a 
= 7341 + 790 6240 + 408 6.0 
107° 2791 + 545 1793 + 312 4.9 
10° M < 100 < 100 4.8 





CBA/J spleen cells were cultured with 0.01% v/v SRBC and 250 ng POL/m1 
with the indicated concentration of Ara-C in the Diener-Arms trong 
System. Each group was performed in triplicate and each culture 


contained initially 2x10! viable spleen cells. Ara-C was present 


throughout the experiment. 
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Fig. 5.3. The inhibition of the proliferation of anti-SRBC AFC by 
cytosine-arabinoside. Spleen cells were incubated with SRBC for 

12 hr in Petri dishes in the presence or absence of dbcAMP. The 
cells were then washed and recultured with the equivalent number 

of 2x10! viable cells at O hr per flask in quadruplicate in the 
Diener-Armstrong system. Ara-C (ix107 M) was added to the cultures 
at the times indicated and left in the flasks until 108 hr, when 

al] the cultures were assayed for AFC to SRBC. (0), cells + 
0.01% v/v SRBC; (4 ), cells + 0.01% v/v SRBC + 1073 M dbcAMP for 
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secreting cells could occur, since this process may not be dependent 
on proliferation (Askonas et al., 1974). 

The smaller number of AFC at early times in dbcAMP treated 
cultures could be due to a delay in proliferation of antigen- 
Stimulated lymphocytes. The sensitivity of the cultures to Ara-C 
at early times was therefore investigated. The results are shown 
in Fig. 5.4. Both normal and dbcAMP treated cells were insensitive 
to inhibition by Ara-C during the 12 to 22 hr period, indicating 
that little or no proliferation was taking place during this period. 
However, during the 22 to 47 hr period, dbcAMP treated cells were 
more sensitive to inhibition by Ara-C than were normal cultures. 

The interpretation of these data is complicated by the greater 
Sensitivity of dbcAMP treated cultures to washing at 35 hr. In 
fact, the dbcAMP effect disappears when the cells are washed at this 
time. The greater dependence of the SRBC response in dbcAMP 

treated cultures on a soluble factor is shown in Table 5.2. Washing 
the cells at 36 hr reduced the AFC response to SRBC in treated 
cultures to 44% of the response of the unwashed cultures. On adding 
back their own supernatants the responses of the washed cultures 

was partly reconstituted, to 61%. The normal response was not 
significantly decreased when cells were washed at 36 hr. By 60 hr, 
the AFC response of the dbcAMP treated cells was also relatively 
insensitive to washing and the readdition of its own supernatant 

did not improve the response. Thus, the critical period for the 
action of any soluble factor in dbcAMP treated cultures seems to 


be around 36 hr. 
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Fig. 5.4. Inhibition of the anti-SRBC response by cytosine- 
arabinoside at early times. Spleen cells were exposed to 10°73 M 
dbcAMP for the first 12 hr in Petri dishes in the presence of 
0.01% v/v SRBC. The cells were then washed and recultured in 
quadruplicate with the equivalent number of 2x10’ viable cells 
at 0 hr per culture in the Diener-Armstrong system. 1x107° M 
Ara-C was added to half the cultures at 12 hr and removed by 
washing three times in medium at the times indicated. The cells 
were then recultured in culture flasks and assayed for AFC to 
SRBC at 108 hr. (0), untreated cells, given the same wash and 
incubation procedure; (O——O), untreated cells, given Ara-C 
at 12 hr; (A), dbcAMP treated cells, given the same wash and 
incubation procedures; (4——A), dbcAMP treated cells, given 
Ara-C at 12 hr. 
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The numbers of immunocompetent units 


One mechanism by which dbcAMP can increase the number of 
AFC to SRBC is to increase the number of immunocompetent units (IU), 
defined as the minimum combination of interacting cells which will 
give a positive AFC response to a specific antigen. This hypothesis 
can be tested directly by determining the frequencies of IU in 
normal or dbcAMP treated cultures. The probability of nonresponse 
is derived from Poisson statistics and described by the equation 
P(0) = e ®* (Halsall and Makinodan, 1974), where P(0) is the 
probability of nonresponse (zero IU) in a culture containing x cells, 
and @ is the frequency of IU in the cell population. Thus, at 
limiting cell numbers, a plot of log P(0) versus the cell number 
Should yield a straight line. This is shown in Fig. 5.5. The 
number of spleen cells containing one SRBC IU was calculated to 
be 1.3x10° for normal and 0.96x10° for dbcAMP treated cultures. 
This small difference in the frequency of responding units is 
insufficient to account for the 3 to 5 fold increase in the number 
of AFC normally observed for dbcAMP treated cultures. It also 
rules out the possibility that the smaller number of AFC seen at 
early times for dbcAMP treated cultures was due to a smaller number 
of responding units in these cultures. 

The number of AFC obtained per IU, or clone size, was 
calculated using the equation AFC per IU = 
Total number of plaques obtained X number of cells containing one IU 

Total number of cells cultured 

It was noted that the clone size of both normal and dbcAMP treated 


cultures increased with increasing cell number (Fig. 5.5). This 
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Fig. 5.5. The frequency of SRBC immunccompetent units in normal and 
dbcAMP treated cells. Spleen cells were exposed to 1072 M dbcAMP 
for 12 hr in Petri dishes in the presence of 0.02% v/v SRBC. The 
cells were then washed and recultured with 0.92% v/v SRBC at the 
indicated cell density (expressed as the number of viable cells at 

12 hr) in the Mishell-Dutton system. The cultures were assayed 
individually for AFC to SRBC at 108 hr. Each point represents results 
from 32 cultures. Cultures containing more than 4 PFC were scored 

as responding to SRBC. The numbers inparentheses represent the 

clone sizes at the indicated cell densities. (O ), untreated cells; 
(A) cells treated with 107° M dbcAMP for 12 hr first. 
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Suggests that T helper cells, and perhaps other factors, were 
limiting under these conditions. 

The distribution of the number of AFC per culture in all 
the limiting dilution assays is shown in Fig. 5.6. The results 
Show that the effect of dbcAMP treatment was the shift of cultures 
with small clone size to larger clone size. 

Since the conversion of nonantibody-secreting to antibody- 
secreting cells is mediated by T helper factors (see Introduction) 
it is conceivable that T suppressor cells inhibit directly or 
indirectly the action of T helper factors. In other words, normal 
Or dbcAMP treated cultures may proliferate to the same extent 
but dbcAMP treated cultures have more AFC because of a greater 
degree of conversion. The maximal AFC capacities of dbcAMP treated 
and normal cultures to SRBC should also be fully expressed when an 
excess of T helper factors is added. The results of adding 2x10° 
irradiated SRBC-primed cells to cultures containing either 1x10° 
normal or dbcAMP treated cells are shown in Fig. 5.7. Both normal 
and dbcAMP treated cultures gave the same average number of AFC 
per culture under these conditions indicating that the potential 
AFC forming capacities in both groups were indeed the same. Similar 
conclusions were obtained when excess T helper cells were added 
to 3x10° normal or dbcAMP treated cells (Fig. 4.5). Essentially 
all the cultures in both groups gave a positive response, confirming 
the conclusion that at 1x10° cells per culture, T cells, and not 
B cells, were limiting. The number of normal cultures giving small 
clone sizes was also greatly reduced (compare Figs. 5.6 and 5.7) 


with a proportional increase in the number of cultures with large 
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Fig. 5.6. Distribution of the number of PFC per culture in limiting 
cel] dilution assays. The data for this figure were obtained from 
Fig. 5.5. The number of cultures containing different number of 

PFC are shown on the ordinate. The number under each column show 
the range of PFC scored in that column. (A), untreated cells; 

(B), cells treated with 107° M dbcAMP for 12 hr first. 
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Fig. 5.7. The effect of irradiated SRBC-primed cells on the distribu- 
tion of the number of PFC per culture under limiting cell dose condi- 
tions. Spleen cells were exposed to 100° M dbcAMP for the first 12 hr 
in Petri dishes in the presence of 0.02% v/v SRBC. The cells were 
then washed and recultured at 1x10° Viable cells per culture. 2x10° 
irradiated SRBC-primed cells and 0.02% v/v SRBC were added to each 
culture. The cells were assayed individually for AFC to SRBC at 108 
hr. (A), untreated cells; (B), cells treated with 1072 M dbcAMP 

for 12 hr first. The average number of PFC was 75 per culture for 
untreated cells and 79 per culture for treated cells. The total number 
of cultures was 47 for A and 46 for B. 
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clones. 

In the presence of excess T helper cells, the number of 
normal cells containing one IU to SRBC was calculated to be 3.0x10" 
(Fig. 5.8). Thus, the frequency of IU in normal cultures can be 


increased by 4 fold in the presence of excess T help. 


Cw Discussion 


The studies in this chapter show that the increase in 
the number of AFC in dbcAMP treated cultures is due to 1) a shorter 
doubling time for AFC, and 2) a longer period of AFC formation. 
The frequency of immunocompetent units in dbcAMP treated and 
normal cultures differs by only about 30% and is insufficient to 
account for the 3 to 5 fold increase in AFC normally observed in 
dbcAMP treated cultures. The cel] cycle time in dbcAMP treated 
cultures may be the same as normal since the elevated AFC response 
can arise from a greater degree of conversion from nonantibody- 
secreting to antibody-secreting cells in treated cultures. 

It is important to note that at 40 hr there were about 
20 AFC in dbcAMP treated cultures (11x10° viable cells at 12 hr, 
Fig. 5.1), and the addition of Ara-C at this time yielded about 
the same number of AFC at 108 hr (ca 20 AFC per 14x10° viable cells, 
Fig. 5.3). Therefore, it seems unlikely that a significant number 
of nonsecreting, antigen-reactive cells are being converted to 
AFC in the absence of proliferation. | 

The sensitivity of dbcAMP treated cultures to washing was 
maximal at 35 hr (Fig. 5.4). However, reconstitution of the washed 


cultures by its own supernatant was incomplete (44% to 61%, Table 5.2). 
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Fig. 5.8. Effect of irradiated SRBC-primed cells on the frequency 
of SRBC immunocompetent units in normal Spleen cells. Normal spleen 
cells were incubated with 0.02% v/v SRBC for 12 hr. At the end of 
12 hr the cells were washed and recultured with 2x10° irradiated 
SRBC-primed spleen cells and 0.02% v/v SRBC at the indicated cell 
density. The cultures were assayed individually for AFC to SRBC 

at 108 hr. Each point represents the results from 64 cultures. 
Cultures containing more than 4 PFC were scored as responding to 
SRBC. 
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This could be due to the "local concentration" of the soluble factor 
on the readdition of its own supernatant being less that that of 
unwashed cultures. Schimpl and Wecker (1972, 1975) also reported 
that the soluble T cell factor required for converting proliferating 
cells to AFC had maximal effects when added at 24 hr or 48 hr after 
B cell stimulation by a TD antigen (SRBC). 

DbcAMP treatment led to more cultures with larger clone 
size under limiting cell dilution conditions (Fig. 5.6). Since 
dbcAMP treated cells had fewer functional T regulator cells (see 
Chapter IV) under these conditions dbcAMP treated cultures would 
have fewer functional T regulator cells seeded to them. Consequently, 
more of the treated cultures would have a T helper to T regulator 
ratio higher than that of normal cultures, i.e. a bigger clone 
size. Normal cultures can be made to give the same distribution 
profile of AFC per culture as dbcAMP treated cultures by adding 
excess T helper cells (Fig. 5.7). Thus, the inhibitory effects 
of T regulator cells on the formation of AFC can be overcome by 
excess T help. Under conditions of maximal conversion the 
difference in clone sizes between individual cultures of the same 
group is likely due to differences in the affinities of antigen- 
Specific B cells for antigen. B cells with high affinity for anti- 
gen are expected to go through more number of cell divisions 
whereas low affinity B cells have a very limited capacity for cell 
division following stimulation by antigen. In other words, cultures 
with large clones are those that contained high affinity cells. 

Before proposing a model for the regulation of AFC formation 


by T cells a summary of the relevant findings is necessary. It is 
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well established that the formation of AFC to a TD antigen requires 
the collaboration between T and B cells (Katz and Benacerraf, 1972). 
Because of such a collaborative process much of the discussion on 
mechanisms of T-B cell collaboration has centered on 2 Signals 
(i.e. antigen and T cells) being required for the initiation of 

B cell proliferation. However, it was reported recently that 
proliferation of B cells to a TD antigen could occur following their 
interaction with antigen alone (Hunig et al., 1974; Dutton, 1975). 
T cell factors were required only for the conversion of the non- 
antibody-secreting B cells to AFC (Schimp1 and Wecker, 1972; Dutton, 
1975). In other words, the 2 signals required for the formation 

of AFC to a TD antigen could act in a sequential manner. Detailed 
kinetic studies also showed that the rate of formation of AFC to 
SRBC in vivo in normal mice could be accounted for only if there 
were conversion of nonantibody-secreting to antibody-secreting cells 
(Perkins et al., 1969). It is likely that once the conversion has 
taken place, the progeny of the AFC will all be antibody-secreting 
cells because single cell studies showed that the daughter cells 

of AFC exhibited functional symmetry (Nossal and Lewis, icvAer 

These findings are summarized in Fig. 5.9. 

Studies with dbcAMP showed that the AFC responses to SRBC 
and POL are controlled by T regulator cells. The T regulator cell 
Probably does not affect the initiation of antibody responses since 
its inhibition did not result in more cells being triggered (Fig. 5.5) 
or in a lowering of the antigenic dose required for optimum stimu- 
lation (Fig. 4.3). The increased number of AFC in dbcAMP treated 


cultures must therefore be due either to a greater degree of 
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Fig. 5.9. A simplified scheme for the formation of AFC. Antigen- 
reactive B cells, when stimulated by a TD antigen, can proliferate 
in the absence of T cells to give rise to nonantibody-secreting 
cells. The conversion of nonantibody-secreting cells to AFC is 
mediated by T cell helper factors. 
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conversion of nonantibody-secreting to antibody-secreting cells or 
to a more rapid proliferation rate. Lohrmann et al. (1974) have 
Shown that the cell cycle time of lymphocytes is independent of 
the strength of the antigenic stimulus; lymphocytes stimulated with 
allogeneic cells or different concentrations of PHA all showed a 
mean cell cycle time of 14 + 0.6 hr. By labelling Con A-stimulated 
thymocytes first with 3u-thymidine and then with bromodeoxyuridine, 
Gerhart and Paetkau (personal communication) were able to show that 
the average time required for the DNA of proliferating lymphocytes 
to shift from light-light to light-heavy was 12 to 13 hr. Thus, 
although there is no direct evidence, it is reasonable to postulate 
that the AFC in normal and dbcAMP treated cultures have the same 
cell cycle time of about 13 hr. The alternative view that the 
function of the T regulator cell is to control conversion of non- 
antibody-secreting cells to AFC is therefore favoured. In the case 
of the AFC response to SRBC, T regulator cells are postulated to 
inhibit the conversion of nonantibody-secreting to antibody-secreting 
cells by T cell helper factors. This regulation can be overcome 
by adding excess T help. Thus, assuming a cell cycle time of 13 hr, 
an exponential phase of 24 to 108 hr (Figs. 5.1, 5.2, and 5.3), 
and the number of normal spleen cells containing one IU to be 
3.0x10" (Fig. 5.8), the expected number of AFC/10° cells cultured 
is 2900 at 108 hr, if complete conversion has occurred. The 
observed value in the presence of optimum T help was 2300 AFC/10° 
cells (Fig. 4.5), which is 79% of the predicted value. 

The AFC response to the TI antigen, POL, is also postulated 


to be regulated by T regulator cells since removal of these cells 
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by anti-9 treatment results in the formation of more AFC (Table 4.2). 


However, AFC responses to TI antigens differ from responses to TD 
antigens in that B cells stimulated by TI antigens can become AFC 
without T helper factors. 

The advantage of regulator cells is that they provide a 
mechanism by which a pool of nonantibody-secreting cells can be 
preserved. This pool of cells may be the source of memory cells. 
Thus, conversion to PFC, and then to plasma cells, effectively 
removes a clone from further responses. Cells which remain anti gen- 
reactive but not converted may provide the B memory component for 
secondary responses. Thus, regulation of conversion to AFC may 
insure immunological memory. Implicit in this model is the 
assumption that the proliferation of antigen-reactive cells is 
self-regulatory. In other words, the number of cell divisions these 
cells can go through is determined by the Strength of the antigenic 
stimulus. 

A direct test of this model is the determination of the 
cell cycle times of AFC in normal and dbcAMP treated cultures. The 
hypothesis will be strengthened if the cell cycle times turn out 
to be the same. On the other hand, if the cel] cycle time of AFC 
in dbcAMP treated cultures is Significantly shorter than in normal 


cultures, the hypothesis will be disproved. 
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SUMMARY 


A major and a minor lysine-specific transfer ribonucleic 
acid (tRNA) were purified from the haploid yeast Saccharo- 
myces cerevisiae aS288C by column chromatography on 
benzoylated diethylaminoethylcellulose. The nucleotide 
sequence of the major lysine tRNA was determined by use of 
"P-labeled material. The molecule is 76 nucleotide resi- 
dues in length and contains the anticodon C-U-U. In ex- 
periments to determine coding specificity, the major lysine 
tRNA showed the greatest response with the codon A-A-G. 
Preliminary studies on the structure of the minor lysine tRNA 
showed that its structure is most probably identical with one 
of the two major lysine tRNAs from bakers’ yeast. The 
minor lysine tRNA recognizes both the lysine codons A-A-G 
and A-A-A weakly. The anticodon proposed for bakers’ 
yeast lysine tRNA is S-U-U, where S is the 3’-phesphate of 
2-thio-5-carboxymethyluridine. The major lysine tRNA 
differs from bakers’ yeast lysine tRNA in a total of 21 nu- 
cleotides. Only the G-T-y-C loop and its supporting stem 
are identical. 


The structure and coding specificity of the major lysine tRNA, 
tRNA," from the haploid yeast Saccharomyces cerevisia 


* This work was supported by research grants from the Medical 
Research Council (Ottawa) and the National Cancer Institute of 
Canada. 

t Deceased on February 19, 1972. 

t To whom correspondence should be addressed. 

1The abbreviations used are: tRNAP*, the major lysine- 
specific tRNA; tRNA’, the minor lysine-specifie tRNA: BD- 
cellulose, benzoylated DIEAL-cellulose; BN, Os WS ORS BY be 
the 3’-phosphates of adenosine, cytidine, guanosine, uridine, ribo- 
thymidine, dihydrouridine, and pseudouridine, respectively; m, 
methyl group whose position is indicated by the superscript; 
mG, 3’-phosphate of V2-dimethylguanosine; S, 3’-phosphate of 
2-thio-5-carboxymethyluridine; Z, derivative or degradation 
product of S; T*A, 3’-phosphate of threonylearbamoyladenosine; 
A, A, unknown derivatives of adenosine 3’-phosphate; (1, G, 
unknown derivatives of guanosine 3/-phosphate; V, an unidenti- 
fied nucleotide; poly(A), polyriboadenylic acid; poly(A, G), 
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aS288C (1) have been reported (2). !n both trinucleotide-de- 
pendent binding to ribosomes (3) and polynucileotide-dependent 
incorporation of lysine from [MC]lysyl-tRNA into acid-insoluble 
material in a cell-free system (4), tRNA,!* showed high speci- 
ficity for the codon A-A-G and little or no response to codon 
-\-A-A (5). It might be expected on theoretical grounds that 
the anticodon triplet of Iysine tRNA would be U-U-U, since the 
wobble hypothesis (6) predicts that this triplet would be able to 
recognize both the lysine codons, A-A-A and A-A-G. However, 
in agreement with the observations from our binding and incorpo- 
ration studies, the anticodon of tRNA,“ has been established 
by structural analysis using the radiochemical techniques of 
Sanger et al. (7) to be C-U-U. This anticodon would be expected 
to recognize only the codon A-A-G since the G-C pair in the 
“wobble positicn” is not a wobble pair. 

Amino acid replacement data available from studies of iso-1- 
cytochrome c of this yeast (8) indicated that the corresponding 
messenger contains one A-A-A and three A-A-G eodons. It 
seemed likely, therefore, that aS288C contains at least one addi- 
tional species of lysine-specifie tRNA which recognizes the 
codon A-A-A. 

In this paper we report the isolation of a minor lysine tRNA 
tRNA", from aS288C using the procedures of Gillam et al. 
(9, 10). Studies on the structure and coding properties of 
tRNAP® and the detailed derivation of the structure of tRNA," 
will also be described. 

Our findings showed that tRNAs is able to bind weakly to 
both the lysine codons A-A-G and A-A-A. Analysis of the 
RNase Tl and RNase A digestion products of tRNAIe*® showed 
that this molecule is most probably identical in structure to one 
of the two maior lysine tRNAs from bakers’ yeast (11). The 
anticodon proposed by Madison et al. (11) for tRNAEY® bakers’ 
yeast is S-U-U, where S is the 3’-phosphate of 2-thio-5-carboxy- 
methyluridine; however, this anticodon is expected on theoretical 
considerations to bind only the codon A-A-A. 


EXPERIMENTAL PROCEDURE 


Materials-—The haploid yeast Saccharomyces cerevisiae aS288C 
was a gift from Dr. G. R. Fink. 





the random copolymer of riboadenylic acid and riboguanylie acid; 
Ru, the mobility vf a compound relative to that of uridine 3/- 
phosphate; PIDEase, phosphodiesterase. 
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Benzoylated DEAE-cellulose was prepared by the method of 
Gillam and coworkers (9). The phenoxyacety! ester of V-hy- 
droxysuccinimide was obtained from Schwarz Biorescarch, Inc., 
Orangeburg, New York. The blue marker dye (xylene cyanol 
F.F.) was obtained from Allied Chemicals, New York, New York. 

Cellulose acetate strips (3 & 455 em) were obtained from 
Schleicher & Schuell Co., Keene, New Hampshire. DEAE- 
paper (Whatman Chromedia DIESL), Whatman No. 3MAM and 
Whatman No. 1 paper were obtained from H. Reeve Angel Co., 
Ltd., Clifton, New Jersey. Thin layer DEAE-cellulose plates 
(20 x 20 cm) were purchased from Brinkmann Instruments Ltd., 
Rexdale (Toronto). 

RNase U2 was a gift from Dr. Egami. RNase T1 was ob- 
tained from Sankyo Co., Ltd. (Tokyo). RNase A, venom phos- 
phodiesterase, bacterial alkaline phosphatase, and spleen phos- 
phodiesterase were obtained from Worthington Biochemical 
Corporation. Carbodtmide (.V-eyclohexyl-N’-(6-morpholinyl- 
(4)-ethyl) carbodiimide metho-p-toluene sulfonate) was obtained 
from Calbiochem, Los Angeles, California. 

Purification of Lysine tRN -A—**P-labeled yeast (aS288C) cells 
were prepared as follows. Ten milliliters of an overnight culture, 
grown in low phosphate medium (1) were added to four shaker 
flasks each containing 250 ml of low phosphate medium and 25 
mCi of carrier-free [**P]phosphate. The *P-labeled cells were 
harvested while still at log phase after four to five generations of 
growth at 30°. The incorporation of [*P]phosphate was usually 
between 80 to 90° of input. The cells were harvested by cen- 
trifugation at 8,000 rpm for 20 min at 5°. Total tRNA was 
isolated by phenol extraction (12) at room temperature (23°) and 
subsequent precipitation with ethanol. Lysine tRNA was puri- 
fied from the total tRNA by the derivatization procedure of 
Gillam and coworkers (9, 10) using the phenoxyacetyl ester of 
N-hydroxysuccinimide. The phencxyacetyl-[*H]lysyl group was 
removed from the purified V-phenoxyacetyl-(?H |lysvl-[®P]tRNA 
by incubation in 1 st Tris-Cl (pH 8.0) for 1 hour at 37°. Further 
chromatography of the [*PJtRNA on BD-cellulose gave a major 
and a minor lysine tRNA. 

Digestion with RNase T! and RNase A—[@P|tRNA was taken 
up in 5 wl of 0.002 au EDTA, 0.02 11 Tris-Cl (pH 7.5) and treated 
with a concentrated solution of the enzyme to give a final ratio 
of enzyme to substrate (w/w) of 1:5 to 1:20. Incubation was 
for 30 min at 37°. 

Fractionation of Enzymatic Digests of (RN A ;44*—Fractionation 
was performed in the two-dimensional system of Sanger ef al. 
(7), using pyridine-acetie acid, 7 Mm urea (pH 3.5) for separation 
in the first dimension and 7°% (v/v) formie acid for the second 
dimension. Following fractionation, the nucleotide products 
were located on the paper by autoradiography. Radioactive 
compounds were eluted from the paper with 3067 (v/v) triethyl- 
amine carbonate (pII 10) and prepared for further analysis by 
evaporating the solution to dryness in air at room temperature. 

Digestion of Oligonucleotides: RNase T1, RNase A, Venom 
Phosphodiesterase, Total Enzymatic Hydrolysis, and Alkaline Hy- 
drolysis—The procedures used were based on those deseribed by 
Goodman, Marcker, and their co-workers (13-15). 

Digestion of Oligonucleotides with RNase U2—The solid sample 
is taken up in 5 to 10 yl of buffer (0.05 sodium acetate, 0.002 M 
EDTA, pH 4.5) containing | to 2 units per ml of RNase U2 and 
incubated for 2 hours at 37°. Digestion products were separated 
by ionophoresis on DEAL-paper in 7° formic acid for 16 hours 
at I kv. 

Partial Digestion with RNase T1 and RNase A—An enzyme to 
substrate ratio of 1:300 (w/w) was used, and incubation was for 
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10 to 30 min at 0° in 0.02 mM MeClo, 0.02 Mm Tris-Cl (pI 7.5). After 
fractionation in the first dimension on cellulose acetate (pl 3.5), 
the material was transferred onto a thin layer DEAE-cellulose 
plate as described by Brownlee and Sanger (16). Fractionation 
in the second dimension was by homochromatography (16). 
The developing mixture contained 10 mg of yeast RNA per ml 
in 2 Murea, pI[7.0. The DEAL-thin layer plate was allowed to 
develop by ascending chromatography at 55° for 12 to 20 hours. 
Under these conditions, separation of oligonucleotides of up to 
26 residues was obtained. 

Identification of Unusucl Nucleotide Residues—All nucleotides 
were separated by electrophoresis at pI 3.5 following hydrolysis 
of RNA or oligonucleotides with alkali or by complete enzymatic 
digestion. Each spot was eluted, divided into two samples, and 
subjected to paper chromatography in a descending system at 
25° using Whatman No. 1 paper. The solvents used were: 
propan-2-ol (680 ml), concentrated HCl (176 ml), water (144 ml) 
(17); propan-2-ol (70 ml), water (30 ml), concentrated NH; (1 
ml) (18). 


RESULTS 


Purtfication of tRNA,£¥° and tRNAEY 


Fig. 1 shows the purification of V-phenoxylacetyl [H]lysyl- 
(VP]tRNA from Saccharomyces cerevisiae aS288C using the 
method of Gillam ef al. (9, 10). The purity of the N-phenoxy- 
acetyl lysyl-tRNA was between 1200 to 1800 pmoles per dogo 
unit. After removal of the phenoxyacetyl lysyl group by treat- 
ment with 1 om Tris-Cl (pH 8.0) further chromatography of the 
[*P]tRNA on BD-cellulose allowed the separation of a major 
lysine tRNA, tRNA,*’s, and a minor lysine, tRNA, tRNA]? 
(Fig. 2). In earlier preparations, when total tRNA was ex- 
tracted with phenol at 2°, tRNA{?* was recovered in less than 
5¢% of the amount of tRNA‘. The increase in vield of 
tRNA at 23° is probably due to the increased solubility of 
tRNA” at the elevated temperature. 
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Fig. 1. Purification of N-phenoxyacetyl- (3H flysyl-[2P]t RNA 
from Saccharomyces cerevisiae weS288C using » column of BD- 
cellulose. The amount of =P (OQ ——O) and 4IH-labeled (@-—-— @) 
material present per ml of each fraction is plotted rersus fraction 
number. The .\V-phenoxyacetyl-("H flysvl-[@P]tRNA was eluted 
as the third peak following addition of 1 oa NaCl-20°, (vv) 
ethanol to the coltmn. Approximately 1 Asso unit ef tRNA‘ 
was recovered per g of yeast (wet weight). 
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Fig. 2. Chromatography of (8?P]tRNA® on a column of BD- 
cellulose (1 X 100 em) following purification as shown in Fig. 1 
and stripping in 1.0 mM Tris-Cl (pH 8.0). The column was de- 
veloped with a linear gradient of 500 ml of Buffer I (04 m NaCl, 
0.01 ax MgClz, 0.05 m sodium acetate, pH] 5.0) and 500 ml of Buffer 
II (1.0 mw NaCl, 0.01 a MgCh, 0.05 m sodium acetate, pH 5.0). 
Approximately 10-ml fractions were collected, at a flow rate of 1 
ml per min. The first major peak is tRNA* and the second is 
tRNAT®. 


Tasie I 
Coding properties of (RNA 

(“C]Lysyl-tRNA was prepared by the method of Mitra ef al. 
(5). The binding of ['C]lysyl-tRNA to ribosomes was carried 
out according to the procedure of Leder (3). The reaction mix- 
ture (0.05 ml, pH 7.2) contained 0.1 m Tris-Cl, 0.02 am MgCl: (0.01 
m for binding with polynucleotides), 0.05 a NH,Cl, 3.7 Asso units 
of Escherichia coli B ribosomes prepared as described by Niren- 
berg and Matthaei (4), and 0.40 Ass) units of trinucleotide or 
polynucleotide. {4C]Lysyl-tRNAr‘*s, 29.7 pmoles, or [4C]lysyl- 
tRNAt?’, 32.4 pmoles, was added to each incubation. Incuba- 
tion was cirried out at 23° for 20 min. The lysine acceptance 
_eapacity of tRNA“¥* and tRNAn was approximately 1100 pmoles 

per Azeo unit. 





Lysyl-tRNA bound to ribosomes 








Nucleotide 
tRNA" ¥! tRNALY* 
fpmoles 

None (0.02 m Mgtt)........ (2.7) (3.1) 
EAA: AD eg een creer tees b 0.42 1-2 
LAG a Loe ESS 4.2 1.8 
None(0.01 m Mgt*)......... (2.1) (2.6) 
Poly(A) 0 Soteates ds: sees: 0.07 4.4 
Poly. (As Gaines) eee ae 1.8 2.3 





¢ Unbracketed values represent binding above background. 


Coding Properties of tRNAL** 


A representative set of «lata for the coding properties of 
tRNAf* as compared to tRNA,E% is shown in Table I. The 
results indicated that tRNA," showed the greatest response to 

, the codon A-A-G and little or no respouse to the codon A-A-A. 
When tested for polynucleotide-dependent incorporation of 
lysine into trichloroacetic acid-tungstate-insoluble material with 
a cell-free system from Lscherichia coli, tRNA,"%s pave 3-fold 
higher incorporation in presence of poly(A,G) than found with 
poly(A) (5). However, tRNAj?* showed weak responses to both 
the codons A-A-G and A-A-A. The binding data of tRNA,2"s 
and tRNA{?® to both poly(A) and poly(A,G) are also in agree- 
ment with the above conclusions. 
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Fig. 3. A two-dimensional fractionation of a complete RNase 
TI digest of tRNA;“’’. a, autoradiograph; b, diagram showing the 
positions of the nucleotides with their identification numbers. 


Products of RNase T1 Digestion of tRNA ,L¥* 


Fig. 3a shows a two-dimensional fingerprint of an RNase T1 
digest of tRNA,"*s. Fig. 2b is a diagram showing the positions 
of the products together with their identification numbers. 
The fainter spots which have not been numbered are derived 
from [#P]tRNAT?*. The sequence cf each was established by 
means of the following procedures, used singly or in combina- 
tion: alkali digestion, complete enzymatic digestion (RNase A 
plus spleen PDEase), RNase A digestion, venom PDEase di- 
gestion (with or without prior treatment with bacterial alkaline 
phosphatase to remove terminal phosphoryl groups). In some 
cases RNase U2 was employed to obtain specific cleavages at 
Ap residues. The RNase U2 preparation used for this work 
gave some hydrolysis at pyrimidine nucleotide residues when the 
enzyme was present in high concentrations or incubation was 
carried on for long periods. Other techniques of digestion were 
also used for some oligonucleotides. 

A summary of the analysis of products of complete digestion 
with RNase T1 is given in Table II. The sequencing of the 
larger oligonucleotides is described in the following sections. 


Spot 2 (CUCCA-OH) 


The composition of this spot as determined by complete en- 
zymatic digestion was 2.8C and 1.0U. The absence of G in- 
dicated that it was the 2’,3’-diol end of the tRNA molecule. 
Complete digestion with venom PDEase released 2C, U, A, in- 
dicating that the 3’-terminal residue was A-OH which, when re- 
leased as a 3/-nucleoside, could not be detected by radioautog- 
raphy. By similar reasoning the 5’-terminal residue was de- 
tected by its “absence” and in the ease of Spot 2 it was deduced 
to be C. 

Partial digestion with venom PDEase followed by separation 
of the products on DEAL-paper in 0.25°% ammonium acetate, 
pI 5.0 at 3 kv for 4 hours yielded three products: (a) C(2C, U)- 
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Analysis of products of complete digestion with RNase T1 of tRNA,“ 
Amounts of products are adjusted to give the nearest whole number molar ratio. 





Tasce II 


For RNase U2 digestion, not all products are 


listed. 

Spot RNase A + spleen PDEase RNase A Venom PDEase RNase U2 Structure deduced 
1 G,G G,G 

2 3C, U 3C, U 2C, A, U CUCCA-OH 

3 C,G C,G pGp CG 

4 A,G AG pGp AG 

5 pG pGp 

6 A, G, D AG, D pGp DAG 

7 20, 2A, G, D AAD, 2C, G A(C, D)G, DCG CAADCG 

8 6C, 2A, G, U AG, AC, U, 5C 5C, 2A, U, pGp | CCCCCU CCCCCUACAG 

9 G, 2U G, 2U U. pGp UUG 
10 C,G, T,¥ CG lon, C, ¥, pGp TyCG 
1A 20, G, 2U 2C, G, 2U C, 2U, pGp CCUUG 
11B X, A, G, 2U AG, XU, U A, 2U, pGp xUU XUUAG 
12 CAG CG Usy (Gy, AU'C.G CGyAUG 
13 3C, 5A, A, G, 4U,v| AAy, AAG, AU, AC, | 30, 4A, A, 4U,y, | CUCUUAA, CUUAA,| ACUCUUAAYCAUAAG 

2C, 3U pGp ¥CA 





A-OH; (b) C(U, C)C-OH; and (c) CUC-OH. The electro- 
phoretic mobility of these products relative to the blue marker 
(1% xylene cyanol) were 0.06, 0.24, and 0.72, respectively. 
The sequences of these fragments were determined by alkaline 
hydrolysis and complete venom PDEase digestion. ‘These re- 
sults are consistent with the sequence of CUCCA-OH. 


Spot 7 (CAADCG) 


The composition of this polynucleotide was found to be 2.0C 
1.8A, 1.0G, and 1.2D. RNase A digestion products were AAD 
G, and 2C. Digestion with high concentrations of RNase U2 
gave rise to a major product DCG (R, = 0.385) aud-a minor 
product A(D, C)G (R, = 0.26), the sequences of which were 
determined by alkaline hydrolysis and complete venom PDEase 
digestions. Other products of RNase U2 digestion of Spot 7 
were not characterized. ilowever, the sequence of Spot 7 can 
be established from the above information as CAADCG. 


Spot 8 (CCCCCUACAG) 


A representative set of data for the complete enzymatic hy- 
drolysis of this spot gave 6.1C, 2.0A, 0.9G, and 1.0U. Products 
of complete venom PDEase digestion were 4.8C, 1.7A, 1.0U, 
and 0.9pGp, establishing the 5’ and 3’ residues to be C and G, 
respectively. Digestion with RNase A yielded 0.9AG, 0.9AC, 
4.8C, and 1.0U. Thexe results are consistent with the composi- 
tion of 6C, 2A, G, U, for Spot 8. Treatment with high concen- 
trations of RNase U2 (2 units per ml) gave a fragment (2, = 0.38 
to 0.48) whose composition was 4.9C and 1.0U. Complete venom 
PDEase digestion products established the.5’ and 3! end of this 
fragment to be C and U, respectively. The sequence of this 
RNase U2 digestion product was therefore CCCCCU. The 
above results led to the assignment of the sequence 
CCCCCUACAG for Spot 8. 


Spot 10 (TpCG) 

Digestion of this spot with RNase A plus spleen PDEase or 
RNase A alone gave the same products C, G, T, and y in equal 
proportions. Complete venom PDEase digestion products are 
C,y, and pGp. Partial digestion with venom PDEase following 





removal of the 3’-terminal phosphory! group by bacterial alkaline 
phosphatase gave a product whose structure was TWC-OH as 
determined by alkaline and complete venom digestion. ‘The 
sequence of Spot 10 was therefore TWCG. 


Spot 11A(CCUUG) and 11B(XUUAG) 


These compounds caused problems due to the fact that they 
could oniy be separated with difficulty in the standard two- 
dimensional system. Resolution of the two spots was achieved 
by running the second dimension for about three times the usual 
separation time. 

The composition of spot 11A was shown to be 2.0C, 2.0U, 
and 1.0G. Digestion with venom PDEase gave rise to C, 2U, 
and pGp, indicating that the 5’-residue was C and the 3/-residue 
the expected G. Digestion of the fragment modified with carbo- 
diimide (15) with RNase A yielded the fragment UUG. It 
was concluded that the sequence of Spot 11A must be CCUUG. 

The composition of Spot 11B was found to be 0.7X, 1.0A, 
1.0G, and 2.1U. The nucleotide X was degraded under neutral 
and weakly acidic conditions. Digestion with RNase A gave 
AG, XU, and U. Complete digestion with venom PDEase 
established the 5/-residue as VY. Digestion with a high concen- 
tration of RNase U2 (2 units per ml) released the fragment 
XUU (Rk, = 0.12). These results are consistent with the 
sequence YUUAG. 


Spot 12 (CG¥AUG) 


Complete enzymatic hydrolysis gave 1.0C, 0.8A, 1.0G, 1.06 
and L.1U, and 1.0. RNase A digestion products were Gy, AU, 
C, and G. Partial venom PDEase digestion of Spot 12 which 
had been pretreated with bacterial alkaline phosphatase followed 
by separation of the products in 2.59 (v/v) formic acid-8.7% 
(v/v) acetic acid (pH 1.9) gave the products CG, y, A, U)G-OH, 
C(G, y, A)U-OIT, and CG, W)A-OH. The electrophoretic 
mobilities of these fragments relative to the blue marker were 
0.21, 0.61, and 2.2, respectively. The sequences of these partial 
products were determined by alkaline hydrolysis and complete 
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venom PDEase digestions. These result are in agreement with 


the sequence of C GWAUG. 


Spot 13 (ACUCUU AAYCAUAAG) 

Complete enzymatic digestion with RNase A plus spleen 
PDEase gave 3.0C, 4.6A, 1.0A, 0.9G, 4.0U, and 1.0¥. Digestion 
with RNase A alone gave AAy, AAG, AU, AC, 2C, and 3U. 
Complete venom PDEase digestion yielded 3C, 4A, As 4U, y, 
and pGp indicating that the 5’ and 3’ residues were A and G, 
respectively. Other methods used in the sequencing of this 
oligonucleotide were as follows. 

Partial RNase A Digestion—The sample was treated with 
5 to 10 yl of 0.01 m EDTA, 0.02 um Tris-Cl (pH 7.2), containing 
0.1 wg of RNase A per ml for 20 min at 37°. The products were 
then separated using the standard two-dimensional fingerprint- 
ing technique. Three products were subsequently identified 
as ACU (R, = 0.52), UAAY (R, = 0.10) and CUUAAY (R, = 


& 
ACUCUUAAWCAUAAG 


ee ee 


RNase A 


RNase A: 
partial digests 





RNase U2 


RNase _ A 
carbodiimide 


Fic. 4. Summary of the procedures used to determine the 
sequence of RNase T1 fragment 13. 


Taste III 
Molar proportions of RNase T1 digestion products recovered from 
tRNA 
_ Molar proportions were determined by measuring the **P-radio- 
activity of the paper spot containing the nucleotide, using a gas- 
flow counter. Results are expressed relative to DAG = 1.0. 


Molar proportions 








Spot Sequence Foarat eer) 
Found } from | ‘residues 
stricture 
1 G) 6 6 
* 6.4 
G 1 1 
2 CUCC (Aon) Well 1 5 
3 CG 1.9 2 4 
4 AG 1.0 1 2 
5 pGp 0.86 1 1 
6 DAG 1.0 1 3 
i CAADCG 0.88 1 6 
8 CCCCCUACAG 0.70 I 10 
9 UUG 0.83 1 3 
10 TyYCG 1.0 1 4 
1A CCUUG 0.90 1 5 
11B XUUAG 0.84 1 5 
12 CGyAUG 0.90 1 6 
* 

13 ACUCUUAAYCAUAAG | 0.90 1 15 
76 


125 


0.03). ACU was sequenced using alkaline hydrolysis and com- 
plete venom PDEase digestion. The sequence of UAAW was 
determined by complete digestion with RNase A which yielded 
U and AAy. The 5’ end was established to be U through com- 
plete venom PDEase digestion. The composition of CUUAAY 
was determined by digestion with RNase A and spleen PDEase 
to be C, A, Ae 2U, andy. Digestion with RNase A gave AAY, 
C, and 2U. The 5’ and 3’ residues were determined to be C 
and y, respectively, by venom PDEase digestions. The se- 
quence is therefore CUUAAY. 

RNase U2 Digestion—The products CUCUDAS Cian SOO), 
CUUAA (R. = 0.10), and YCA (R,, = 0.63) were obtained in 
addition to other smaller products. WCA was identified using 
alkaline hydrolysis and digestion with venom PDEase. The 
composition of cUUAA was determined by complete enzymatic 
hydrolysis to be C, A, a and 2U. Digestion with RNase A 
gave AA, C, and 2U. The 5’- and 3/-terminal residues was 
again determined by venom PDEase digestion to be C and A, 
respectively. The sequence is therefore CUUAA. The com- 
position of the largest RNase U2 digestion product was deter- 
mined by complete enzymatic hydrolysis as 2C, A, A, and 3U. 
Digestion with RNase A gave AA. 2C, and 3U. Venom PDEase 
digestion products were C, A, 3U, and pAp. The 3’ and 3’ resi- 
dues were therefore C and A, respectively. These results to- 
gether with the fragment C UUAA that had been identified earlier 
led to the conclusion that the largest RNase U2 digestion product 
must be CUCUUAA. 
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Fia. 5. A two-dimensional fractionation of a complete RNase A 
digest of tRNA. a, autoradiograph; 6, dingram showing the 
positions of the nucleotides with their identification numbers. 
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Molar proportions of RNas 


Tasie IV 
e A digestion products recovered from 
tRNA,“ 


Molar proportions were determined by measuring the *P radio- 
activity of the paper spot containing the nucleotide, using a gas- 
Results are expressed relative to pGC = 1.0. 


flow counter. 





Molar proportions 





Spot Sequence ea caaniates | Naat 
See retractare” jmetesicae? 
1 U F 5 
Temes eel f 
2. c 11.6 ie ¥ 
= AC 1.1 L Be 
: Ste 1.9 : 
: au 1.8 ; : 
5A GAC 0.96 : : 
AGC 0.92 ; 5 
6 AAD 0.85 ' : 
S + 
: ny BY, : - 
7 
8 GGC 0.29 s . 
+ 
9 GAGC 0.30 a! x 
* 
10 GGC 0.70 1 
ll pGc an : 3 
om ou 11, ; | 
. GAGC 0.67 1 ; 
. : ; 
- AAY 0.92 : A 
15 AAGXU 0.89 1 : 
a: GGD re 1 : 
= AGGGC 0.74 i ; 
19 AGGGGT 0.62 ; ; 
75 
Taste V 


Analysis of products of complete digestion with RNase A of (RNA 444 
Amounts of products are adjusted to give the nearest whole 





number molar ratio. 
RNase Ti 
Spot Alkali + spleen 
PDEase 
fet Us U 
ZC Cc 
2A |C,A A,C 
3 |C,G C,G 
4 |A,U A,U 
5A |C,A,G C,A,G 
5B | C,A,G C,A,G 
6 |2A.D 2A,D 
+ - 
7 | Gy Gy 
* * 
8 C,2G C,2G 
9 C,A,2G C,A,2G 
10 |C,G,G CG: 
11 |C,pGp | C,pGp 
12 |G,U G,U 
13. | C,A,2G C,A,2G 
> 
14 | 2Ay AA 
1§ | N,2A,G,U | X,2A,G,U 
16 G,D j 201,D 
18 |.C,A3G | C,A3G 
19 ©| AAG,T | A,tG,T 
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RNase Tl | Venom PDEase 
U 
Cc 
AC 
C,G pCp 
AU 
AC,G 
AG,C 
AAD A,pDp 
+ + 
Gy iW 
* * 
| 2G,C G,pCp 
AG,C,G | A,G,pCp 
* * 
C,G,G G,pCp 
C,pGp | G,pCp 
G,U pUp 
AG,C,G | A,G,pCp 
AAy A,pyp 
AAG,XU! X,A,G,pUp 
2th ean ba 
AG,C,2G) 3G.pCp 
AG ,3G,T, 3G,pTp 








Structure 
deduced 


+ 

GAGC 
* 
GGC 
pGc 
GU 
GAGC 
* 

AAy 
AAGXU 
GGD 


PAGAGC 
AGC Go: 
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Tasce VI 
Tonophoretic and chromatographic properties of unusual nucleotides 








| Ry on chromatograms | 


rie RS 
Saver enon Raresis Probable structure® 
at pH 3.5 Propan-2- | Propan-2- 
ol/HCl ol/NHa 
Tite See . , | a R 

A 0.16 0.62 1.2 1-Methyladenosine-3’- 

F phosphate 

EX 0.65 0.40 1.5 Threonylearbamoy1- 
adenosine-3’-phos- 
phate 

5 : 

G 0.77 0.75 0.85 | N?-Methylguanosine-3’- 

P , phosphate 

G 0.77 0.64 0.93 | N?-Dimethylguanosine- 
3’-phosphate 

xX 0.14 0.66 0.59 | 7-Methylguanosine-3’- 
phosphate 

* 

U 9.94 0.72-1.1 | 2.2 2-Thio-5-carboxymethyl- 

; (streak) uridine-3’-phosphate 

C 0.26 0.76 1.0 5-Methylcytidine-3’- 





phosphate 





Se Deke hues & 

* The nucleotides, A, A, G, G, and X, regardless of whether or 
not they were obtained from th NAi“"* or tRNA’, have the chro- 
matographic properties as indicated. 

*R, is the distance moved relative to uridine-3’-phosphate. 
The buffer systems used were: pH 3.5, 0.5% (v/v) pyridine, 5° 
(v/v) acetic acid, 0.001 1 EDTA (7); propan-2-ol (680 ml), con- 
centrated HCl (176 ml) and water to | liter (17); propan-2-ol (70 
ml), conc. NH; (1 ml) and water (30 ml) (18). 

¢ As determined by Madison et al. (11). 


RNase A Digestion of Carbodiimide Blocked Oligonucleotide— 
One of the RNase A digestion products of Spot 13 which had 
been pretreated with carbodiimide (15) was subsequently identi- 
fied as AUAAG. The composition of this spot was identified 
by alkaline hydrolysis as 3A, U, and G. Treatment with RNase 
A after removal of the blocking group gave AAG and AU. The 
sequence of this spot was therefore AUAAG. 

The results of the above analysis are summarized in Fig. 4. 
The yield in molar proportions of cach RNase TL spot is given 
in Table III. 


Products of RNase A Digestion of tRNA ,L¥ 


A fingerprint of an RNase A digest of tRNA," is shown 
in Fig. 5a. Fig. 55 isa diagram showing the position and identi- 
fication number of each spot. The fainter unnumbered spots 
are again due to [#P]tRNA?*. The basic procedures used to 
identify there RNare A fragments were alkali digestion, complete 
enzymatic digestion (RNase TL plus spleen PDEase), RNase 
T1 digestion and digestion with venom PDEasc. 

Table [V shows the yield in molar proportions of the RNase 
A digestion products of [®PJtRNA,*%. The analysis of the 
products of complete digestion with RNase A is summarized 
in Table V. Comments on some of the more interesting products 
are given in the following sections. 


+> 
Spot 7 (Gy) 
Alkaline or complete enzymatic hydrolysis gave equal amounts 


+ + 
of G aud ¥. Gy was completely resistant to the normal con- 
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centrations of RNase Tl used for digestion of oligonucleotides 
(0.1 mg of enzyme per ml). The phosphodiester linkage was 
hydrolyzed by higher concentrations of RNase T1, 


Spot § (GGC), 10 (GGC) 


Compound 8 was present in the molar proportion 0.29 and 
Compound 10 in the proportion 0.70. It seemed probable that 
Compound 10 was a degraded or an incompletely modified form 
of Compound 8. The chromatographic properties of G and 
other unusual nucleotides are given in Table VI. 
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Fia. 6 (upper). Autoradiograph of a two-dimensional frae- 
tionation of a partial RNase T1 digest of t1RNA,?. Conditions 
for digestion were enzyme to substrate ratio of 1:300 (w/w) for 
30 min at 0°. The blue marker dye (1% xylene eyvanol F.F.) had 
ran off the plate. Fic. 7 (lower). Autoradiograph of a two-di- 
mensional fractionation of a partial RNase A digest of tRNAs. 
Conditions for digestion were enzyme to substrate ratio of 12300 
(w/w) for 30 min at 0°. 4 refers to the position of the blue marker 
dye after homochromatography. 
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Spots 9 (G.AGC) and 13 (GAGC) 


Compound 9 was present in 0.30 molar yield and appeared 
to be related to Compound 13, present in the molar proportion 
0.67. It is again probable that Compound 13 is a degraded 
or an incompletely modified form of Compound 9. 


























Taste VII 
Analysis of partial RNase T1 digéstion products of tRNA,Lv 
Spot Products of further digestion 
(Fig. Deduced structure 
e) RNase A RNase Ti 
1 | AGG CCCCCUACAG CCCCCUACAGGG 
AC’ 2G 
5C 
U 
* ; * : * 
2 AAy ACUCUUAAYCAUAAG] ACUCUUAAY- 
AAG CAUAAG 
AU 
AC 
3U 
3 AGGGC | CCCCCUACAG CCCCCUACA- 
AC 2G GGGCUCC- 
7C CUCC(A-OH) (A-OH) 
2U 
4 AGGGC | CCCCCUACAG TyCGAGCCCCC- 
GAGC Ty¥CG UACAGGGCU- 
AC AG | CC(A-OH) 
7C 2G 
4U CUCC(A-OH) 
* * 
5 AAGXU | ACUCUUAAYCAUAAG] ACUCUUAAY- 
* Bese 
AAy XUUAG CAUAAGNX- 
AU i UUAG 
AG 
AC 
2C 
4U 
2 + 
6 AAGXU ACUCUUAAYCAUAAG CGYAUGACUCU- 
* 
AAy CGyAUG UAAyYCAUAAG- 
G XUUAG XUUAG 
v 
GAC 
2AU 
AG 
3C 
4U 
7 | AGGGC CCCCCUACAG GTyCGAGCCCC- 
GAGC  : TyCG CUACAGGG- 
GT AG CUCC(A-OH) 
AC 3G 
7C CUCC(A-OH) 
3U 
8 AGGGGT, NUUAG X UUAGGGGTy- 
GAGC | TyCG CGAGCCCCC- 
| XU CCCCCUACAG UACAG 
AG 3G 
AC AG 
4C 
3U 
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Spot 14 (AA) 

The sequence of this spot was established by digestion with 
venom PDEase. Although complete enzymatic digestion gave 
A, A, and y, alkali digestion converted A to A. 

Spot 18 (AGGGC), 19 (AGGGGT) 
Both these fragments were recovered in rather low yield, prob- 


ably because the high content of guanylate residues reduced 


Taste VIII 
Analysis of partial RNase A digestion products of tRNA,“ 
Spot 1, a and b, was a mixture of two partial digestion products. 




















Products of further digestion 
ee) Deduced structure 
RNase A RNase T1 
la AAD AADCG AADCGGD 
GGD G 
Cc D 
Ib Gy AG AGCGCGy 
AGC CG 
GC CGy 
Ps pGC CCUUG pGCCUUGUUGGCGC 
GGC UUG 
GU pG 
GC CG 
Cc G 
U Cc 
3 AGGGGT | TyCG AGGGGTyCGAGCCCCCU 
GAGC CCCCCU 
5C 2AG 
2U 3G 
OH 
A 
Cc 
Cc 
p U 
G-C 
C-—G 
C-—G 
U-—G 
U-A 
w $5 
Su ucccclGp/ 
yy oe eS te 
Cc Ter AGGGGTYyC 
CER ACEC Oe mx 
G G 
—AA 
—U 
U—-A 
cake lys 
Any tRNA !Y 
: U e 
A CyY 
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the efficiency of transfer from cellulose acetate to DEAL-paper 
during the fingerprinting procedure. They are of similar strue- 
ture and were sequenced by use of RNase 1 digestion and venom 
PDEase digestion. 


Products of Partial Digestion of tRNA ,"* 


For elucidation of the complete sequence of tRNAs) it 
Was necessary to sequence larger fragments obtained by partial 
digestion with RNase A and RNase TL. These larger fragments 
could not be resolved by the standard two-dimensional clectro- 
phoretic system but could be resolved by homochromatography. 
The products of partial digestion were isolated as described by 
Brownlee and Sanger (16) and analyzed by complete digestion 
with RNase Tl and RNase A. In each case it was possible to 
deduce the sequence of the partial product from information 
provided by analyses of the end products of its digestion with 
RNase Tl and RNase A, together with knowledge of the sequence 
of related but smaller products. 
sional fractionation of a partial RNase T1 digest of tRNA,@s, 
The results of the analyses of the partial RNase T1 products 
are summarized in Table VII. The autoradiograph of a two- 
dimensional fractionation of a partial RNase A digest of 


Fig. 6 shows the two-dimen- 


a t = 
pGCCUUGUUGGCGCAADCGGDAGCGCGYAUGACUCUUAA-- 
—_---- + Ch CCC ( RNase A) 
“~ (RNase T-1}) 
(Partial RNase A} 


“: (Partial RNase T-1) 


~WCAUAAGXUUAGGGGTYCGAGCCCCCUACAGGGCUCC (Aon) 

( RNase A} 

( RNase T-1) 

( Partial RNase A) 


ae ee \ { Partial RNase T-1) 


Fic. 8. Fragments used to establish the nucleotide sequence of 
tRNA’. 


Aon 
Cc 
Cc 
G 
pli—-A 
C-G 
C-G 
U-A 
U-G 
oA 
- i 
Saeyet® PEET'S 
De Tie? Rese eaue 
AGAGC Wy 
Sp m§ G OG a? 
Y-AAU 
V-A 
age Ue 
G—cC.___ Bakers’ Yeast 
Garé 
S 
(zp UY 
B 


Fic. 9. A, the nucleotide sequence of tRNA” arranged in the “cloverleaf” pattern. B, clover leaf structure of tRNALY* bakers’ 
yeast sequenced by Madison et al. (11). The structure of tRNAi;* is most probably identical with tRNA!¥* bakers’ yeast. The sym- 


°. ° s + 
bols used in tRNA'Y* for m?G, miG, m’G, TA, m!A, S, and m'C are G, G, X, A, A, U, and C, respectively. 
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Fig. 10. A two-dimensional fractionation of a complete RNase T1 digest of tRNA})*. A, autoradiograph; B, diagram showing the 
positions of the nucleotides with their identification numbers. The fainler unnumbered spots are digestion products of [@P]t RNAs, 
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Fig. 11. A two-dimensional fractionation of a complete RNase A digest of tRNA. 4, autoradiograph; B, diagram showing the 
positions of the nucleotides with their identification numbers. The fainter unnumbered spols are digestion products of [?P]t RNA“, 
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Taste IX 
Analysis of products of complete digestion with RNase T1 of (RNAIj’ 





Spot RNase A + spleen PDEase* | RNase A Probable structure? 
te icG G G 
+ + + 
2A | 1.0A, 1.0G : AG AG 
4 TVA LOG AG AG 
5A | C, (A-OH) C, (A-OH) CC(A-OH) 
| TA. TOS, 1A |b, AG DAG 
VANE 2O0CMLOAG OG Heo UE LAG= 20) Ui CUGAG 
9A | 1.0G, 2.0D GueD DDG 
10m Ah ICmLOGNO.on (DO. TyCG 
10A | 0.9A, 1.0G, 1.9U | AG, 2U UUAG 
11C | 0.9X, 0.8C, 4.2A,1.1G, | AAAU, XD, | AAAUXDCAG 
T + 
1.0D, 1.0U AG, C 
11D | 4.7C, 1.1A, 1.0G, 0.9U, | Ay, G;5C, U | CCCCCUAYG 
0.9y 
+ + 
12 | 2.0C, 2.0G, 2.0y Gy, G, 2C, ¥ | CGyvcG 
* 1 * * * 
13B | 1.0G, 1.1A, 1.2A, 3.0C, | AAC, UU,2C, | CUUUUAACCG 
= 
3.0U, 1.0U | Sen 
I8C | 1.0G, 2.0C, 2.0U, 1.0py | py, 2C, 2U, G| pyCCUUG 








* Each value represents the average of three separate deter- 
minations. 
+ As determined by Madison et al. (11). 


TaBLe X 
Molar proportions of RNase T1 digestion products recovered from 
tRN Ait’ 
Molar proportions were found by measuring the #P radioactiv- 
ity of the paper spot containing the nucleotide using a gas-flow 
counter. The results are expressed relative to CUCAG = 1.0. 
Each value represents the average of three separate determina- 
tions. 


Molar proportions 


Spot sera Calculated 


peer cers etal | Up reste 
i lL G 5.9 6 6 
+ 
2A AG 0.93 1 2 
4 AG 3.1 3 6 
5A CC(AOH) 0.89 1 3 
6 DAG 11 1 3 
7A CUCAG 1.0 1 5 
9A DDG 0.95 1 3 
10 TycG 1.2 1 4 
* 
10A UUAG 0.95 1 4 
+ 
11C AAAUNDCAG 0.90 1 9 
1D CCCCCUAYG 0.88 1 9 
+ 
12 CGwWCG | 0.84 1 6 
* = | 

13B CUUUUAACCG |, 1.1 1 10 
13C pyCCUUG 1.0 1 6 
; 76 


tRNA,*** is shown in Fig. 7. The results of the analyses of 
partial RNase A products are summarized in Table VIII. 

Fig. 8 shows the sequence of tRNA," derived by overlapping 
progressively larger fragments of the molecule. The clover leaf 
model (19) of this tRNA is shown in Fig. 9:4, 
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Tabie XI 
Analysis of products of complete digestion with RNase A of (RNAit’ 





RNase T1 + 














Spot spleen PDEase* RNase T1 Probable structure? 
1 U,y U,y U,y 
1A D D D 
+ + + 
2 Cc,C C7 C. C,C 
2B | O.9NX, 1.0D XD XD 
* * 4 
3A 1.0A, 1.2A, 0.8C AAC AAC 
4 1.0A, 1.0y Ay Ay 
5A 1.1A, 1.0G, 1.0C AG, C AGC 
+ + + 
7 0.9G, 1.0y W Gy 
+ + + 
9 1.0A, 1.0C, 2.0G AG, G, C GAGC 
10A 1.9G, 1.0C 2G, C GGC 
12 0.9G, 1.0U Hie te) GU 
* * * 
12B 0.9U, 1.0U UU UU 
12C pyp pyp pyp 
14A 1.0A, 0.9G, 1.0D AG, D AGD 
15 1.1C, 2.0A,1.9G | 2AG,C | AGAGC 
15A 2.7A, 1.0G, 1.1U AAAU,G GAAAU 
16 1.7G, 1.0D 2G, D GGD 
18B 1.1C, 2.0A, 4.1G PAINGT OXCE XG) | GAGGAGC 
19 1.0A, 3.6G, 1.1T AG, 3G, T AGGGGT 
i | 





* Each value represents the average of three separate deter- 
minations. 
> As determined by Madison et al. (11). 


RNase Tt and RNase A Digestion Products of tRN AY 


The standard two-dimensional fingerprints and the correspond- 
ing schematic representations of RNase T] and RNase A diges- 
tion products of [P]tRNA* are shown in Figs. 10, A and B, 
and11,A4andB. Theunnumbered spots are digestion products of 
(#P]tRNA,»’s. The composition of bases and their correspond- 
ing molar proportions in RNase T1 and RNase A digestion prod- 
ucts of [#P]tRNAG* are shown in Tables IX, X, and XI, XII. 
These results show that the compositions of fragments from 
RNase Tl and RNase A digestion of tRNA}?* were identical 
with those from tRNA¥Y* bakers’ veast (11), and that further 
digestions of these fragments with RNase A and RNase 
Tl yielded products with compositions consistent with what 
is expected from the published sequences of fragments from 
tRNA!Y*® bakers’ veast (11) (Fig. 9B). It is therefore likely 
that tRNAI* and tRNA!’ bakers’ yeast are identical mole- 
cules. 


DISCUSSION 


The tRNA,»¥* molecule is 76 nucleotides long. Features in 
common with most tRNAs are (a) the occurrence of pGp at 
the 5’ end of the molecule; (b) the location of residue T 23 nu- 
cleotides from the acceptor end in the sequence G-T-y-C; and 
(c) the general clustering of modified nucleotides in the loop 
regions. The lysine tRNA from bakers’ yeast (and hence 
tRNA) is also 76 nucleotides long but differs from tRNA "4 
in a total of 21 nucleotides. A total of 17 nucleotides in tRNA'YS 
bakers’ yeast are modified compared to 12 for tRNA’. The 
longest stretch of homology between the two molecules is the 
G-T-y-C loop and its supporting stem. The outstanding fea- 
tures of tRNA** bakers’ yeast are the presence of an unusual 
5’-terminal residue, pvp and an unusual anticodon, S-U-U. 


The conversion of A to A on treatment with 0.2 x KOH to- 
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TaBLe XII 
Molar proportions of RNase A digestion products recovered from 
(RN Ait" 
Molar proportions were found by measuring the *P-radio- 
activity of the paper spot containing the nucleotide using a gas- 





flow counter. Results are expressed relative to GAD = 1.0. 
Each value represents the average of three determinations. 
Molar proportions 
Spot Sequence Calculated 
No. of 
Found Been Ane pesuiues 
U 7 z 
1 7 9.1 2 2 
1A D 1.0 1 1 
Cc 11 ll 
2 of 10.9 
Cc 1 1 
2B XD 0.87 1 2 
* 
3A AAC 1.0 1 3 
4 Ay 1.2 1 2 
* 
5A AGC 1.0 I 3 
7 Gy 0.95 1 2 
9 GAGC 0.98 1 4 
10A GGC 0.98 1 3 
12. | GU ail 1 2 
12B UU 0.86 1 2 
12C pyp 0.92 1 1 
14A AGD 1.0 1 3 
15 AGAGC 0.97 1 5 
15A GAAAU 0.72 1 5 
16 GGD teed 1 3 
18B GAGGAGC 0.72 1 7 
19 AGGGGT 0.82 1 6 
75 


gether with the chromatographic properties of A as indicated 
in Table VI showed that A is probably threonylearbamoyladen- 
osine 3'-phosphate (20). Sdll (21) has pointed out that threonyl- 
carbamoyladenosine 3’-phosphate always occurred next to the 
last letter of the anticodon in tRNA species that has U as the 
last letter of the anticodon. ‘This rule is therefore also obeyed 
by tRNA,'¥s and tRNA’ bakers’ yeast. The underlying 
principle for this fact is still obscure. 

The strong binding of tRNA,“ to only one of the two lysine 
codons A-A-G is consistent with the anticodon C-U-U. In 
the case of tRNA bakers’ yeast and tRNA,%, it would be 
expected on theoretical considerations that they code only for 
A-A-A since 2-thiouridine derivatives are not expected to form 
a wobble base pair with G. Derivatives of 2-thiouridine have 
been found located on the first position of the anticodon 
of tRNAS"™ from yeast (22) and E. coli (23-25). These tRNAs 
have been shown to be specific for codons having A at the 3’ 
end. However, in our studies tRNA{?? was able to bind both 
lysine codons A-A-G and A-A-A weakly. Woodward and Herb- 
ert (26) found that tRNALY* bakers’ yeast was able to insert 
lysine into all the lysine positions in hernoglobin when tested 
ina cell-free reticulocyte system, indicating that tRNA¥** bakers’ 
yeast (and presumably tRNA{?’) is able to recognize both the 
codons A-A-G and A-A-A. There seems to be ao appropriate 
explanation at the moment for the nnomalous coding properties 
of tRNAi’. 


ea 


Ohashi et al. (24) pointed out that a possible function of the 
2-thiouridine derivative in the first position of the anticodon is 
to prevent miscoding in protein synthesis. For those amino 
acids which are coded only by triplets with A or G in the third 
position, that is, glutamine, glutamic acid, lysine, leucine, and 
arginine, wobbling of U in the first position of the anticodon 
with U or C, if present, should cause miscoding which is lethal 
to the cell. 2-Thiouridine derivative instead of U in the first 
position would prevent mispairing with the third letter U or 
C. In the haploid yeast aS288C, another possible function of 
a tRNA species such as tRNA{® would be in the regulation of 
protein synthesis. tRNAf?* accounts for only 30% of the total 
tRNA‘® in aS2S88C and seems to bind to the codon A-A-G more 
strongly than A-A-A. These results tend to indicate that the 
relatively rare molecular species of tRNA‘** could become the 
rate-limiting factor in the synthesis of proteins where one or 
more lysine residues are coded for by the codon A-A-A. 


Acknowledgments—We are grateful to Drs. K. C. Lee, A. R. 
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script. 


REFERENCES 


. Fiyk, G. R. (1970) Methods Enzymol. 17, 59 
. Smitu, C. J., Ley, A. N., D’Osrenan, P., anp Mitra, S. K. 
(1971) J. Biol. Chem. 246, 7817 
. Leper, P. (1968) Methods Enzymol. 12, 725 
. NIRENBERG, M. W., anp Matruatt, J. (1961) Proc. Nat. Acad. 
Sci. U. S. A. 47, 1588 
. Mitra, S. K., Ley, A. N. ano Smirn, C. J. (1971) J. Biol. 
Chem. 246, 5854 
. Crick, F. H. C. (1966) J. Mol. Biol. 19, 548 
. Sancer, F., Brownies, G. G., ano BakkELL, B. G. (1965) 
J. Mol. Biol. 13, 373 
. SHERMAN, F., anp Stewart, S. W. (1971) Annu. Rev. Genet. 5, 
527 
. Gituam, I., Mrnuwarp, 8., Brew, D., von Ticerstrom, M., 
Wimmer, E., anp Tener, G. M. (1967) Biochemistry 6, 3043 
10. Gituam, I., BLew, D., WarrineTton, R. C., von TIGERSTROM, 
M., ano TeneErR, G. M. (1968) Biochemistry 7, 3459 
11. Maprson, J. T., Boecustawsx1, 8. J.. anp TreTor, G. H. 
(1972) Science 176, 687 
12. Hottey, R. W., Apcar, J., Doctor, B. P., Farrow, J., Ma- 
RINT, M. A., anD Merritt, 8S. H. (1961) J. Biol. Chem. 236, 
200 
13. Goopman, H. M., Aseuson, J. N., Laupy, A., Zapraziu, §., 
AND Situ, J. D. (1970) Eur. J. Biochem. 13, 461 
14. Dupe, S. K., Marcker, K. A., Cuark, B. F. C., anp Cory, 8S. 
(1969) Eur. J. Biochem. 8, 244 
15. Cory, S., anp Marcker, K. A. (1970) Eur. J. Biochem. 12, 
177 
16. Brownee, G. G., ano Sancer, F. (1969) Eur. J. Biochem. 
11, 395 
17. Wyatt, G. R. (1951) Biochem. J. 48, 584 
18. Marxnam, R., anpD Smitu, J. D. (1952) Biochem. J. 52, 552 
19. Hotter, R. W., Apcar, J., Everett, G. A., Maptson, J. T., 
Marquiser, M., Mrerritu, 8. H., Penswicx, J. R., anp 
Zamir, A. (1965) Sezence 147, 1462 
20. Scuwrizer, M. P., Cutepa, G. B., Baczynskys, L., anp 
Hau, R. H. (1969) Biochemistry 8, 3283 
1. Séxz, D. (1971) Sczence 173, 293 
22. Yosuipa, M., Taketsut, K., anp Uxita, T. (1970) Biochem. 
Biophys. Res. Commun. 39, 852 
23. Sinaua, R. P. (1971) J. Biol. Chem. 246, 5848 
24. Onasut, Z., Sanryosut, M., Harava, F., Iara, H., anpD 
NISHIMURA, 8. (1970) Biochem. Biophys. Res. Commun. 40, 
866 
25. Fotx, W. R., anp Yaniv, M. (1972) Nature New Biol. 237, 165 
26. Woopwarp, W. R., anpw Herpert, E. (1971) Fed. Proc. $0, 
1217 


noe 


© Go sD or me 


Baas 1 Pe Ta a eee ee 
























we ha ~~ = 
Aer y ‘ 
ra s 
¢ “a J 

te - Sig ct ended 

ae , , i ee on Be 
, 4 te aur 0) he @4 hae ote erro vabeta” - 

gt ude f ay o's ek a =o Vrreg wr 3 yilevine 
tie Ae ik gt Hue int entenee Ww ao 
ty, Ns na RSL TENE Ce eee oan ce 

rae i eee a jai 


| 
| 


cm 
4 
4 
~ 
eee 


* 

ama? 

~ Pa 

v ; \ s : 

% cS 
3 e n : t ~~ 
. + .g4 eek , 
Le yi 
* a * s Ly 7 
ah $OAD 
= : wt Say 
i] ; a 4 
¥ 


4 
ae S333 


Py 2 a ; - - ' 

Se a SrwrtsA 3 
r a | 74S fF t 

é ‘ 4 Ry ste) \, 

: 5 ‘ : as ‘ : 4 6 HOS | 
a i ye eok : of rer ee) ee sa ¢ 


aGizkebde ste) +38 = F- 


‘ a i wattle mn — aor 7 

eee tg - wha . nt tant ¥ irjomssee ) ine oo a ~~ 
" so ig hesiesewht i lpsine ol Baas teokaglt Tabet a 
ne jr because ee secignashy # sme 


. 24 ie ry i AS 4 Vagal > he be ae 
‘ r 9 f ee oe Prive irs & y & mtn nad | 
P . ‘ uy erent? erting hu ss 1 
i nae ch Nis dir 2 yb whak a Jee pach SPE tae GE Ne 


| be DESL rakes ts etal Md bed iia ie 
es — | A ‘Te ; Slt . ee ee ti t ¥o gle ig a © aa) avin eeeale oa 


L ; rr. = | bga of? Atiw Jess a De. i. 
jee ON. es * vi Touew >: fe tame sapry ‘eoralind ict: s ee a 


ia ae Db ston) ¥ sbiks ik wmdevbleses Lee rene 
j ‘ aim bch Bay geale ai wil un See (ee Wis ee a 
a. No Fae, OF - spate ll eae te eaniy tow BD tie fry at 
Pt i dpa’ San oe praises. ¥ Pap ter, ebteodd 
moet tO de 3 





— 





















‘Oe . A ee ee ye ‘ 
Re Nas 


-oyer 6 gs 
4 





